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1. Introduction

The effect of ZnO particle lattice termination on
the DC conductivity of LDPE nanocompositest

M. E. Karlsson,® A. Calamida,® D. Forchheimer,” H. Hillborg,® V. Strém, (¢
J. M. Gardner, (2° M. S. Hedenqvist® and R. T. Olsson (&) *®

The effects of particle surface termination by zinc or oxygen were evaluated for composites containing
micro-sized ZnO particles with rod shapes (17% oxygen terminations) or ball shapes (67% oxygen
terminations), and it was found that the rods gave a conductivity (1.2 x 107 S m™) half that given by
the ball-shaped particles (2.4 x 107 S m™). Both composites containing the micro-sized particles
showed a conductivity almost two orders of magnitude lower than that of the LDPE reference material
(12 x 107 S m™). When a 5 nm thick silica coating was applied to the particles, the silica
encapsulation eliminated the difference between the particles and resulted in both cases in an increase
in conductivity by an order of magnitude to ca. 2 x 107> S m~%. The conductivity was still lower than
that of the pristine polyethylene polymer. It was concluded that neither the particle morphology nor the
inter-particle distance (1 um for rods and 8 pum for balls) had any effect on the conductivity of the
composites for identically terminated particles, while demonstrating that the conductivity of these
materials relies uniquely on the particle surface terminations. In contrast, a markedly reduced
conductivity was observed for composites containing the same particles but terminated with aliphatic
hydrocarbon tails, the conductivity for both rod-shaped and ball-shaped particles (1 x 1072 S m™?
being reduced to even lower values than for the pristine particles without surface modification. The
same trend was observed with the 25 nm ZnO nanoparticles, showing a record low conductivity of
1 x 107 S m~! for 3 wt% nanoparticles with aliphatic hydrocarbon tails. In practical applications, this
would permit higher operation voltages than currently employed HVDC cable systems by controlling the
resistivity of the composite insulation for various electric fields and temperatures and making it possible
to tailor the dielectric design of cable components.

the insulation, in addition to high breakdown strength and
control of space charge accumulation, is one of the main tasks

Metal oxide nanoparticles are promising as inorganic fillers
in low-density polyethylene (LDPE) composites yielding new
insulating materials for high voltage direct current (HVDC)
cables.'” These insulating composites have shown a resistivity
ca. two orders of magnitude higher than that of the already ultra
clean LDPE used as insulation in HVDC cables, which after
crosslinking is rated up to 640 kv.* Ensuring high resistivity of
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in HVDC cable development.” However, although the large-scale
manufacture and use of polyethylene insulation for HVDC cables
has been adopted for decades, one of the main reasons for the
limited use of metal oxide nanoparticles is the poor understanding
of the origin of the improved insulating properties.®® The parti-
cular interest in nanoparticles stem from their ability to create a
very large particle-polymer interface at low particle fractions, which
has been emphasized as the key to the significantly improved
insulation properties.”" On one hand, the 10-30 nm particles
provide a large particle-polymer interface/interphase in the
composites that can favorably trap charge carriers, provided that
agglomerates can be avoided that show more space charge accu-
mulation within the composites.*’*> On the other, robust and
selective surface modification reactions that ensure uniquely uni-
form coating of individual nanoparticles are scarce, which raises
questions regarding the use of nanoparticles in large-scale HVDC
applications since the agglomeration may result in cable insulation
failure, with e.g. costly consequences."**
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Micro-sized zinc oxide (ZnO) particles with porous hierarchical
morphologies as filler in LDPE have been reported to yield a DC
conductivity improvement similar to that achieved with nano-
particles, although the inter-particle distance (IPD) was signifi-
cantly larger." An apparent benefit with the larger particle size is
the limited agglomeration of the particles during processing,
which results in reproducible particle dispersions. The theoretical
values of the inter-particle center-to-center distance of a LDPE
composite with 3 wt% spherical ZnO particles, if assuming
optimal dispersion represented by a face-centered cubic lattice,
can be calculated to increase from 160 nm to 5.3 pum when
increasing the particle size from 30 nm to 1 um.">'® This
dramatically decreases the probability of having particle agglom-
eration. Interestingly, the larger ZnO particles also opens up for
investigating how the conductive properties of the composites
depend on the specific atomic terminations that become more
defined as the ZnO enters the micrometer range dimensions."”

Previously, we have demonstrated that micro-sized ZnO
particles with a variety of sizes, morphologies, surface areas
and atomic terminations can be synthesized in a controlled
manner giving systematic and reproducible particle charac-
teristics, as employed in HVDC insulating composites.>'” '
In the present work, the atomic terminations of micro-sized
ZnO particles in LDPE composites are evaluated in terms of
their influence on the DC conductivity, compared to that
of nano-sized particles. The difference between micro-sized
rod-shaped and porous ball-shaped particles, consisting of
interconnected sheet morphologies, lies in the amount of zinc
versus oxygen atoms exposed as particle surface terminations.>°
The amount of exposed oxygen varies from 17% to 67% oxygen
depending on the ZnO crystal shapes.'”” We report to which
extent atomic crystal terminations affect the conductivity of
composites developed as insulation materials. The micro-sized
particles were further encapsulated inside silica or a silses-
quioxane coating with aliphatic tails, in order to be able to
compare differently shaped particles with the same surfaces.
The results reveal that the atomic surface terminations play an
important and dominant role as a functional interface that
determines the overall electrical properties of these materials.
The results will consequently have direct implications on the
development of particle composite materials envisioned useful
in the next generation of HVDC cables, targeting transmissions
voltages at >1 MV.>

2. Experimental
2.1 Materials

2-Propanol (>99.5%, VWR), n-heptane (>99%, VWR), p-xylene
(=99%, Sigma Aldrich), ammonium hydroxide (28-30%, Sigma-
Aldrich), ethanol, (>96%, VWR), Irganox 1076 (Ciba Specialty
Chemicals), MilliQ water (‘“Type 1”, following ISO 3696 and ASTM
D1193-91, 18.2 MQ cm at 25 °C), octyltriethoxysilane (C8, >98%,
Sigma-Aldrich), orthophosphoric acid (85%, VWR), potassium
permanganate (>99%, VWR), sodium hydroxide (NaOH,
>98%, Sigma-Aldrich), sulfuric acid (95-98%, Sigma Aldrich),
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tetraethoxysilane (>98%, Sigma-Aldrich), zinc acetate dihydrate
(Zn(CH;C00),-2H,0, >99%, Sigma Aldrich) and zinc nitrate
hexahydrate (Zn(NOj3),-6H,0, >98%, Sigma-Aldrich) were used
as received. Low-density polyethylene (LDPE) was provided by
Borealis.

2.2 Synthesis of ZnO particles

Ball-shaped (BS) and rod-shaped (RS) ZnO particles were
synthesized at 60 and 80 °C, respectively, by adding an aqueous
NaOH solution (at room temperature) to an aqueous zinc
nitrate solution pre-heated to the synthesis temperature. For
ball- and rod-shaped particles, 1 and 4 M NaOH aqueous
solutions (250 mL), respectively, were used, and a 0.067 M zinc
nitrate aqueous solution (750 mL) was used for both particles.
ZnO nanoparticles were synthesized by adding a 0.5 M NaOH
aqueous solution (500 mL) pre-heated to 60 °C to a 0.2 M zinc
acetate aqueous solution (500 mL) at 60 °C. The reactions were
continued for 1 h under vigorous stirring. The synthesized
particles were centrifuged thrice with intermediate changes of
the solvent to MilliQ water followed by ultrasonication (2510-DTH,
Branson) and thorough shaking. The cleaned particles were dried
at 80 °C overnight, ground to a powder and finally dried at 80 °C
overnight under reduced pressure (Vacucell, MMM Group).

2.3 Post treatment of synthesized particles

The ‘as-synthesized’ ball- and rod-shaped ZnO particles were
either heat-treated or surface modified (except for direct imple-
mentation of unmodified particles in composites). Heat treatment
of the synthesized particles was performed in an oven (H14-GAXP
furnace, Micropyretic Heaters International Inc.) at 400 °C for 1 h
in air. Silsesquioxane and silica coatings to modify the surface of
the synthesized particles were obtained using octyltriethoxysilane
and tetraethoxysilane. The particles were dispersed in MilliQ water
by ultrasonication prior to the addition of 2-propanol. Ammonia
and the silane were then added during vigorous stirring and the
reaction was allowed to continue for 24 h. The amounts of
chemicals used for different surface treatments are presented in
Table 1. After all the reactions, the modified particles were washed
thrice by centrifugation in ethanol prior to drying at 80 °C over-
night, grinding to a powder and further drying at 80 °C overnight
under reduced pressure (Vacucell, MMM Group).

2.4 Particle characterization

The morphology of the synthesized ZnO particles was studied
with a field emission scanning electron microscope (SEM,

Table 1 Amounts of chemicals used during surface treatment of ZnO
particles

Particle  Particles Water 2-Propanol Ammonium Silane
coating  (g) (mL) (mL) hydroxide (mL) (mL)
BS-SiO, 0.6 40.8 188 0.39 0.42
BS-C8 0.6 40.8 188 2.50 2.70
RS-SiO, 0.6 40.8 188 0.23 0.25
RS-C8 0.6 40.8 188 1.50 1.60
NP-SiO, 0.6 40.8 188 0.80 0.85
NP-C8 0.6 40.8 188 5.10 5.40

This journal is © The Royal Society of Chemistry 2020
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Hitachi S-4800) after sputtering (Cressington 208 HR) with a
current of 80 mA and Pt/Pd for 20 seconds to form a conductive
layer. An acceleration voltage of 5 kV and emission current of
10 pA were used for the SEM microscopy of the ZnO particles.
The size distributions of the synthesized particles and the
thickness of the surface functionalization treatments were
assessed by transmission electron microscopy (TEM, HT7700,
Hitachi) using an acceleration voltage of 100 kv, and the
diameter of ball-shaped particles and the length of rod-
shaped particles from the TEM micrographs were determined
using Image]J (National Institute of Health, Maryland, USA). The
specific surface area (SSA) of the ZnO particles was determined
by the BET (Brunauer-Emmett-Teller) method using nitrogen
adsorption/desorption measurements performed in a Micro-
meritics ASAP 2000 at 77 K. Thermogravimetric analysis (TGA,
Mettler Toledo TGA/DSC1) was used to measure the mass loss
of ZnO particles by placing 10 £ 1 mg in 70 puL alumina
crucibles followed by pre-drying in the instrument by ramping
to 140 °C in nitrogen prior to heating from 30 to 800 °C in
oxygen. The rate of temperature change was 10 °C min~* and
the gas flow was 50 mL min~'. The molecular structure of the
particle coatings was characterized by Fourier-transform infra-
red spectroscopy (FTIR, Spectrum 100, PerkinElmer) with a
Golden Gate accessory (Graseby Specac LTD). X-ray diffraction
(XRD, ARL X'TRA, Thermo) with a step size of 0.02°, 45 kV and
40 mA and Cu Ko radiation was used to investigate the crystal
structure and purity of the synthesized particles. Material
studio (version 4.3, Accelrys Inc., 2007) was used to illustrate
the dominating crystal faces of the synthesized ZnO particles.

2.5 Composite characterization

Differential scanning calorimetry (DSC, TG/DSC1, Mettler
Toledo) was used to obtain the mass crystallinity, melting
and crystallization temperatures. A piece of the compression-
molded specimen (5 £ 0.5 mg) was placed in a 40 pL aluminum
cup and was measured in nitrogen (50 mL min " flow rate) with
a heating rate of 10 °C min~'. The DSC method consisted of
cooling to —50 °C, heating to 200 °C, cooling to —50 °C and
finally heating to 200 °C with a 5 min isothermal step between
each temperature change. The mass crystallinity was calculated
according to the total enthalpy method:**

Ahf
We = =
AR — J7 (¢pa — ¢pe)dT

x 100 )

where w, is the mass crystallinity, 75, the equilibrium melting
point of polyethylene (PE), Ak the enthalpy of melting, Ak? the
melting enthalpy for 100% crystalline PE at Tp,, and ¢, . and ¢p
are, respectively, the heat capacities for the crystalline and
amorphous components. Data for T2, (414.6 K), Ak (293 ] g ™)
and heat capacities for PE were obtained from Wunderlich and
Bauer.”"**> SEM was used to assess the dispersion of ZnO particles
in the LDPE composites using the back-scattering detector for
enhanced contrast between the LDPE matrix and ZnO particles.
The composites were freeze-cracked in liquid nitrogen, coated by
sputtering and investigated using an acceleration voltage of 5 kV
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and an emission current of 10 pA. The average inter-particle
distance (IPD) was obtained from the micrographs by marking
the particles and calculating the particle/agglomerate positions
according to their centers of gravity and their respective nearest
neighbor distances. Etching of freeze-cracked cross-sections was
performed to investigate the crystal polymer morphology using
SEM. The samples were etched for 2 h in an etchant consisting of
4 mL water, 16 mL orthophosphoric acid, 40 mL sulfuric acid and
600 mg potassium permanganate. The samples were rinsed by
water and dried in a desiccator overnight after the etching
procedure.

2.6 Composite preparation

The LDPE composites with ZnO particles were prepared by
dispersing the particles (3 wt% in the composite) in 3 mL
heptane using ultrasonication (2510-DTH, Branson) followed
by the addition of the antioxidant Irganox 1076 (0.02 wt% in the
composite). LDPE pellets were ground after quenching in liquid
nitrogen (Retsch ZM 200 with 12 000 rpm) and the powder was
added to the particle dispersion followed by shaking of the
mixture using a Vortex Genie 2 Shaker (G560E, Scientific
Industries) for 1 h and finally drying overnight at 80 °C. The
dried mixture was further shaken for 30 min and then extruded
(Micro 5cc Twin Screw Compounder, DSM Xplore) with
100 rpm at 150 °C for 6 min and finally vacuum dried at
80 °C overnight (Vacucell, MMM Group) prior to compression
molding (LabPro 400 press, Frontlijne Grotnes). The pellets
were placed in the middle of the mold with polyethylene
terephthalate as a protective film on both sides of the sample.
The temperature was increased to 130 °C and a contact pressure
was applied for 10 min, followed by pressing with a high force
(200 kN) at 130 °C for 10 min prior to cooling to room
temperature under the same force for 6 min.

2.7 Electrical characterization

The compression-molded samples (0.3 mm thick and 75 mm in
diameter) were characterized by HVDC leakage current mea-
surements and the apparent conductivity (o) was calculated
according to the equation:

I-d

"= U4 @

where I is the measured current, d is the thickness of the
sample, U is the applied DC voltage and A is the area of the
sensing electrode.*® The DC conductivity was calculated from
the current after 15 h of polarization. The measurement setup
consisted of a high voltage supply (HCP 35-12500, FUG),
electrometer (6517B, Keithley), oven (FED 115, Binder), protec-
tion for the electrometer and a CPU with a LabVIEW software to
obtain the measurement data. A three-electrode system was
used with a sensing electrode (30 mm in diameter), a guard
electrode of brass and a high voltage electrode of stainless steel
with a film of Powersil 440 placed on the electrode to give good
contact with the PE sample. A voltage of 9 kV was applied
corresponding to an electric field of 30 kV mm ™. Each sample
was measured only once to eliminate any induced effects

Mater. Adv., 2020, 1,1653-1664 | 1655
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possible arising from having the samples exposed to the high
electrical fields and the resulting thermal exposure.

Surface potential measurements were performed using an
atomic force microscope (Bruker Dimension Icon) in the inter-
modulation electrostatic force microscopy (ImEFM) mode.>”
A cantilever with platinum coating on the tip side was mechani-
cally oscillated to an amplitude of roughly 80 nm at a frequency
wp, near its resonance frequency (MicroMasch HQ:XSC11-C/Pt,
nominal resonance frequency 155 kHz, nominal stiffness
7 N m ). Simultaneously a voltage was applied between the
tip and the surface consisting of an AC oscillation, 6 V at
wg = 21 500 Hz, and optionally a DC bias. Due to these two
drive tones the nonlinear electrostatic force between the tip and
the surface

10C

FpL =~
EL 282(

Vepp + Vac cos(wet + ¢g))’ (3)

will create four different “side-bands” or intermodulation
products at the sum and difference frequencies wp + wg and
op * 2wg. The amplitude and phase of these oscillations
depend on the applied AC voltage, Voc and the DC contact
potential difference between the tip and the sample, Vcpp,
which in turn depend on both the inherent contact potential
between the materials as well as the applied DC bias.
By measuring both amplitude and phase of the intermodula-
tion products one can solve for the contact potential difference

Vac F, ,
Verp = 72C —UDEOE gie (4)
Fcupj:pr_

See Borgani et al?’ for full derivation. The complex force
components F,, were calculated from the complex amplitudes

1600
Length (nm)

R
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of the motion Z,, by accounting for the transfer function of the
cantilever. Motion was measured using a multifrequency lockin
amplifier (Intermodulation Products AB). Surfaces were imaged
with multiple DC bias applied while recording the resulting
Verp- This method has previously been suggested to demon-
strate local charging injection on nanoparticles embedded in
LDPE.*®

3. Results

3.1 Preparation of ZnO particles for nanodielectric
composites

Fig. 1 shows micrographs of the ball- and rod-shaped ZnO
particles synthesized in the absence of surface modification,
i.e. by tuning the reactant ratio and temperature during the
synthesis to favor the directional growth into the morphologies
obtained.'® The ball-shaped particles with a diameter of
ca. 1.5 pm consisted of a hierarchical organization of inter-
connected sheets with an average thickness of ca. 25 nm
(Fig. 1a-c).”® The dominant surfaces of the sheets correspond
to the {2110} crystal planes with a majority of oxygen termina-
tions (67%), which was established by atomistic modeling (see
Fig. S1a, ESIT)."” Fig. 1d-f shows the rod-shaped ZnO particles
with an average length of ca. 1 pm and width of ca. 50 nm
(an aspect ratio of 20) that were formed by growth in the
c-direction.” Atomistic modeling of the facetted planes along
the hexagonal rods indicated that the total amount of oxygen
terminations was smaller (17%), i.e. from the (1100), (1010) and
(0110) crystal planes (Fig. S1b, ESIt)."”

Fig. 1c and f show the morphology of the nanosheets in the
ball-shaped and the rod-shaped particles after heat treatment

b el N R
[ £ v,

500 nm

Fig. 1 Scanning electron micrographs of particles with different Zn/O surface terminations. Ball-shaped particles are shown in (a—c), where (c) shows
the particles after 400 °C heat treatment. Rod-shaped particles are shown in (d—f), where (f) shows particles after 400 °C heat treatment. The insets in (a)
and (d) show the size distributions of the particles, and the dominant crystal planes for ball- and rod-shaped particles are shown as insets in (b) and (e),

respectively.
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at 400 °C (1 h, air). The formation of 5-10 nm ‘“‘potholes” is
visible in the sheets as the crystal surface collapsed due to
imperfections associated with dominant growth in the (0110)
and [0001] directions, whereas the rods grown in their c-axis
showed perfectly smooth surfaces.>***?° The specific surface
area (SSA) was reduced by the heat treatment from 16.7 to
13 m” g~ for the balls and from 9.9 to 9.3 m> g~ for the rods.*’
This relatively small reduction is commonly observed with
the elimination of porosity at a temperature of 400 °C, a
temperature that allows solitary particle annealing while pre-
venting the inter-particle growth that develops at higher tem-
peratures (> 600 °C)."*™>*

3.2 Effect of ZnO particle morphology/terminations on the DC
conductivity

Fig. 2 shows the apparent DC conductivity at 60 °C and 30 kV mm ™"

of composites containing 3 wt% of unmodified ball- and rod-shaped
ZnO particles compared to that of pristine LDPE. The charging
current of the composites dropped markedly during the first 10 s for
both composites resulting in apparent conductivities ca. 2 orders of
magnitude lower than that of the reference LDPE (1 x 10~ and 1 x
107" S m ™", respectively). This difference between the composites
and the reference LDPE also prevailed at longer times (15 h), with a
continuously decreasing current, which is consistent with previous
reports in the literature.>®

A marked difference in conductivity between the composites
containing the ball- (BS) and rod-shaped (RS) particles was however
always observed after 15 h (54000 s); see the inset in Fig. 2. This
difference corresponded to a current twice as high passing through
the composites containing the ball-shaped particles with its exten-
sive oxygen-terminated surfaces, i.e. 2.4 x 10~ "° S m~'. Note that
the curves for the composites separate already after 200 seconds.

3.3 Influence of heat treatment and atomic terminations of
ZnO particles on the DC conductivity

The ball- and rod-shaped particles were further heated-treated
at 400 °C (1 h, air) to refine their crystal faces, allowing for

10-11
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— 3wt% Ball-shaped (BS) + LDPE
— 3wt% Rod-shaped (RS) + LDPE
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Fig. 2 Apparent conductivity of composites containing 3 wt% ball- or
rod-shaped particles and of pristine LDPE at 30 kV mm™ at 60 °C. Several
measurements up to 2 days were made independently on separately
prepared samples, see Fig. S2 (ESIT).
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atomic rearrangement in the outermost layers of the particles.
This heat treatment also eliminated the surface-located hydroxyl
groups on the zinc oxide crystals by condensation.?® Fig. 3 shows
the apparent conductivity at 60 °C and 30 kv mm ™ for LDPE
composites containing 3 wt% of heat-treated ball- and rod-
shaped ZnO particles (dashed lines), compared to the same
particles without thermal treatment (solid lines).

The conductivity of the heat-treated ball-shaped particles
was twice as high after 15 h as that of the composite containing
ball-shaped particles without heat treatment (red lines, Fig. 3).
A smaller increase in conductivity was observed in the case of
the composite containing heat-treated rod-shaped particles
compared with the same particles without heat treatment
(green lines, Fig. 3). Both the composites containing heat-
treated particles showed a higher conductivity when more
refined crystal faces of the ZnO crystals were exposed to the
polymer matrix (with eliminated hydroxyl groups). It was also
noted that the slopes of the curves for the composite containing
heat-treated rod-shaped particles resembled the slope of the
LDPE reference, i.e. n ~ 0.5 in the power law function I ~ ¢t %,
whereas the slope for the composites containing ball-shaped
particles leveled out at longer polarization times (see the
extrapolation in Fig. S4, ESI{).”® The different inclinations of
the curves in the direction of the PE reference, showing the
charging current over time, may be related to the ability of the
composite to disseminate/distribute charges over the atomic
surfaces inside the composites.

Fig. 4a and b show the mass loss (30-800 °C) of the dry
particles immediately after synthesis, and their mass loss after
a heat treatment at 400 °C for 1 hour. The initial mass loss
(30-185 °C) was due to desorption of loosely bonded water and
the mass loss at temperatures above 185 °C is attributed to the
condensation of surface located hydroxyl groups.”® The greater
mass loss for the ball-shaped particles (7pa; = 1.5% compared
to myoq = 0.7%, Fig. 4a and b) was associated with their larger

1070 — LDPE reference
— 3wt% BS + LDPE

. 10774 — 3wt% RS + LDPE
g \ === 3wt% heat-treated BS (400°C) + LDPE
A 10724 -=-- 3wt% heat-treated RS (400°C) + LDPE
>
=
S 10734
=}
2
g 1075
€
£ 1075 3x10°76
Q.
S G 1 e < et 2x107

10764

——{1x107°
107 e N D200
1 10 100 103 10* 10°
Time (s)

Fig. 3 Apparent conductivity at 60 °C with an electric field of 30 kV mm™

for ZnO LDPE composites containing 3 wt% unmodified or heat-treated
(400 °C) particles in the shape of rods or balls. The reproducibility of
measurements on the composites containing heat-treated particles is
shown in Fig. S3 (ESIT).
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Fig. 4 Characterization of unmodified and heat-treated ball- and rod-shaped ZnO particles by (a and b) thermogravimetry and (c) X-ray diffraction.

surface area and the greater amount of hydroxyl groups present
on the oxygen-terminated surfaces. The mass losses observed
in the gravimetric test (TGA) corresponded to the loss of a
ca. 4 times larger amount of hydroxyl groups from the ball-
shaped particles (4;eq = 1.2% compared t0 Agreen = 0.3%) during
their exposure at 400 °C. In essence, the 400 °C treatment of the
particles resulted in a more accurate representation of the
modelled oxygen concentration of 67% for sheets and 17%
for rods, reflecting a ca. 6 times higher oxygen concentration
facing the polymer matrix for an equivalent mass of ball- and
rod-shaped particles in the composites. The difference in
conductivity (4; > 4, in Fig. 3) of the composites therefore
corresponded to the frequency of oxygen terminations in the
heat-treated particles.

At the same time it could be concluded that a small amount
of hydrogen atoms present in hydroxyl groups (present as
natural on the surface of the particles) appears to be beneficial
for the insulating properties, whereas a surface refinement at
even more elevated temperatures (>400 °C) was not possible
without significantly affecting the surface area, morphology
and causing inter-particle growth.>®?" It should here be noted
that although the ZnO crystals contain a number of mixed
terminations at the crystal edges, the dominant nature of the
surfaces is still present. Fig. 4c shows XRD diffractograms for
unmodified and heat-treated (400 °C) rod- and ball-shaped ZnO
particles. Only peaks corresponding to the wurtzite hexagonal
crystal structure with lattice parameters of @ = 3.25 A and
¢ =5.21 A were present in agreement with the inorganic crystal
structure database; collection # 067849. The XRD data were also
used to confirm that the heat treatment at 400 °C induced
no crystal growth, which occurred for ball- and rod-shaped
particles when heated above 600 °C.>%**

3.4 Elimination of zinc and oxygen particle terminations by
silica coatings and their effect on the DC conductivity

To confirm that the zinc or oxygen terminations in the ZnO
particle surfaces significantly affected the DC conductivity of
the composites, the rod- and ball-shaped particles were encap-
sulated with 5 nm amorphous silica coatings (Fig. 5b and c).
The conductivities were significantly higher already after
ca. 10 s of polarization for the composite with the coated
particles, and over time the current was always higher than
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that of the composites containing uncoated particles, see Fig. 5a.
After 5.4 x 10" s, the conductivity was almost one order of
magnitude higher for the composites with silica-encapsulated
particles. The embedded zinc and oxygen crystal terminations in
the ZnO crystal faces could at this point be concluded to have no
effect on the conductivity since the currents overlapped after the
long polarization times. Accordingly, the micro-sized particles
not only allowed making conclusions concerning the impact
of their surface nature due to their exposed lattices but also
allowed for making these conclusions since the dispersion of the
larger particles in the polyethylene matrix were unaffected
by detrimental agglomeration, which is further discussed in
Section 3.6.

Infrared spectroscopy was used to confirm that a silica
network was formed on the particle surfaces (Fig. 5d), leading
to complete encapsulation of the metal oxide surface termina-
tions. Fig. 5e shows that more water was condensed from the
silica surfaces of the modified ball- and rod-shaped particles
than from the unmodified particles (1.9% compared to 1.2%,
respectively), which was consistent with the presence of
more hydroxyl groups on the silica-coated particle surfaces.
Any further optimization of the silica coating thicknesses’ for
the different particles was of minor relevance for the electrical
data since the reported distance for electron tunneling is
ca. 1-4 nm, which is shorter than the coating thickness.>'*

3.5 The effect of aliphatic units in the silicone oxide coatings
on the DC conductivity

The marked effect of having oxygen present in the outer coating
layer of the particles (Fig. 5a), increasing the current by an
order of magnitude, was further investigated by coating the
particles with the silica-related silsesquioxane coating. This
provided a composition almost identical as that of the con-
densed silica coatings, while being terminated with hydro-
carbon functional units consisting of 8 repetitive carbon
atoms (¢f. molecular illustrations in the insets, Fig. 5a and
6a). Fig. 6a shows the electrical data for the particles coated
with the amorphous silsesquioxane coating containing satu-
rated hydrocarbon functional aliphatic units (C8). Not only did
the eight carbon atoms eliminate the influence of the ZnO
terminations and the oxygen in the silica coating, but they also
suppressed the conductivity compared to that of the particles

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Apparent conductivity of LDPE composites containing 3 wt% silica modified ball- or rod-shaped ZnO particles measured at 60 °C and 30 kV mm™2.

The inset in (a) illustrates the molecular structure of the silica coating and silane monomer. Electron microscopy showing the coatings on (b) ball- and
(c) rod-shaped particles, and (d) characterization of the 4—7 nm thick coatings by infrared spectroscopy and (e) thermogravimetry. The presence of silica
was confirmed by the absorption band at 990-1250 cm™ with the peak intensity at 1058 cm™, corresponding to asymmetric Si-O-Si stretching
vibrations.*>=3 Table S1 (ESI¥) lists the measured conductivities, and additional micrographs of the unmodified particles are shown in Fig. S5 (ESI¥).
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Fig. 6 (a) Apparent conductivity of LDPE composites containing 3 wt% C8 modified ball- or rod-shaped ZnO particles measured at 60 °C and
30 kV mm~% The inset in (a) illustrates the molecular structure of the C8 silsesquioxane bonded to the surface. The electron micrographs show (b) ball-
shaped particles with 2 nm coatings and (c) rod-shaped particles with 5 nm coatings. Characterization of the C8 functional silsesquioxane encapsulated
particles by infrared spectroscopy is shown in (d) and by thermogravimetry in (e). The inset in (b) shows a magnification of the C8 coating on ball-shaped
particles. The presence of alkyl groups from the hydrocarbon tail of the silsesquioxane were confirmed by the peaks at 2800-3000 cm™! assigned to the
stretching vibrations of C—H bonds.*>*” Table S1 (ESIt) lists the measured conductivities, and additional micrographs of the unmodified particles are
shown in Fig. S5 (ESI).

without coatings. This lowering of the conductivity was most after 5.4 x 10 s (15 h), with an almost complete overlap after
evident for composites with ball-shaped particles containing ca. 20 min (>10° s).

dominantly oxygen terminations. The inset in Fig. 6a shows Fig. 6b and c¢ show electron micrographs of C8 modified
that the composite conductivity of both the ball-shaped (C8-BS) ball- and rod-shaped particles, and Fig. 6d shows the FTIR spectra
and rod-shaped (C8-RS) particles was less than 107 S m™"  of the coated particles confirming the carbon functionality by the
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peaks at around 2900 cm ™. The greater mass loss of the C8
modified ball-shaped particles than that of the rod-shaped
particles (Fig. 6e), ca. 1.9% compared to 1.1%, was due to the
greater surface area of the former.

3.6 The effects of coating surface functionality on the
conductivity of ZnO nanoparticle composite systems

Fig. 7 shows that the same trend was observed for the pyramidal
shaped ZnO nanoparticles with mixed atomic terminations (25 nm,
34 m”> g~ " in SSA) as for the micro-sized particles. The conductivity
of the composite containing unmodified ZnO nanoparticles was
more than two orders of magnitude lower than that of the LDPE
reference, while also significantly lower than that of composites
with micro-sized ZnO particles (compare dashed black with dashed
green line for the rod-shaped particles, see Fig. 7).

Fig. 7 shows that the C8 coating on the nanoparticles
lowered the electrical conductivity from 3.5 x 107" to 1 x
10~'7 S m ™. The C8 coating was therefore termed a low current
stabilizing particle interface (LCSPI). Fig. 7 also shows that
when the same nanoparticles were encapsulated with a 4 nm
silica coating, a conductivity ca. one order of magnitude higher
than that of the unmodified nanoparticles was observed.
Table S1 (ESIT) shows tabulated conductivities after 15 h polari-
zation, and Fig. S6 (ESIT) provides more information about the
characterization of the nanoparticles.

Fig. 8 shows the dispersion of the unmodified ZnO particles
in the polyethylene matrix at a 3 wt% concentration. Only
solitary particles were observed for the largest 1.5 um ball-
shaped particles, as shown in Fig. 8a. This was also the
dominantly observed particle distribution for the smaller 1 pm
rod-shaped particles, although an agglomerate several pm in
size is shown at the top in Fig. 8b. The dispersion of the
unmodified very high surface area nanoparticles was poor,
the 25 nm particles being associated into larger agglomerates,
Fig. 8c. A qualitative comparison of the particle sizes is
presented in the micrograph insets in Fig. 8. Note that one or
two particles are present in Fig. 8a and b, whereas the 5 um

107 — LDPE reference

107 ] — 3wt% SiO,-NP + LDPE
— -=- 3wt% NP + LDPE
§ 10724 3wt% C8-NP + LDPE
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= 10775
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Fig. 7 The apparent conductivity at 60 °C and 30 kV mm~* for LDPE
composites containing 3 wt% ZnO nanoparticles.
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Fig. 8 Scanning electron micrographs of freeze-cracked cross-sections
of LDPE composites containing (a) 3 wt% unmodified ball-shaped particles,
(b) 3 wt% unmodified rod-shaped particles and (c) 3 wt% unmodified
nanoparticles. The histogram insets (bottom left) show the distribution
of inter-particle distances obtained from several micrographs and the
morphology of each particle is illustrated by the insets in the top left
corner. A5 um wide area is marked on all micrographs and a zoomed view
is shown in the insets in (a) and (b).

wide dotted rectangle in Fig. 8c contains several agglomerates
and a large number of nanoparticles. A more detailed image of
these large agglomerates is shown in Fig. S7a (ESIt).

The average distance between the particles in a composite,
commonly referred to as IPD (inter-particle distance), can be

This journal is © The Royal Society of Chemistry 2020
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used to describe the degree of dispersion.">"® The histogram in
Fig. 8a shows that this distance ranged from 1 to 20 pm with an
average of 8 pm. The IPD value can also be used to assess the
particle dispersion in agglomerated systems by considering
distance between agglomerates. The histograms in Fig. 8b
and ¢ show IPD values ranging from sub-um to a few microns,
with an average of ca. 1 pm, indicating a very good dispersion of
the rod-shaped particles but an extremely poor dispersion
of the nanoparticles. Table 2 shows average IPD values for
composites containing unmodified and coated ZnO particles,
indicating that the dispersion was affected only when the C8
coating was applied to the nanoparticles. The IPD value for the
nanoparticles was reduced 4 times (from 1.1-1.2 to 0.3 pm) with
the hydrophobic coating. A typical dispersion of C8 modified
nanoparticles is shown in Fig. S7b (ESIt).

Fig. 9 shows the DC conductivity after 15 h in relation to the
degree of dispersion of the different particles, using the average
inter-particle distance IPD values. For the micro-sized particle
composite systems, the IPD values, reflecting the degree of
dispersion, did not significantly affect the conductivity of the
composite and an increase in the IPD value from 1.4 to 7.8 pm
only resulted in a maximum 2 times increased conductivity
(see ‘Un’ values in Fig. 9), regardless of the shape of the
particles. The conductivities of both composites containing
micro-sized particles were however significantly altered when
a few nanometer thick SiO, coating was applied, as indicated
by the vertical increase in conductivity for the composites
containing ball- or rod-shaped particles, marked in red and
green, respectively. The coating resulted in an almost 10-fold
increase in conductivity (see 4 in Fig. 9), due to the dominant
and detrimental oxygen in the SiO, coatings (see Sections 3.4
and 3.5).

B 3wt% BS + LDPE
B 3wt%RS +LDPE =
B 3wt% NP + LDPE j

1075
Sio,
[] | Si0O,
—_ -15_J
£ " so,
R B
E m Un
g A
_§ 10716 g2 Un = C8
8 c8
mUn
10774 mC8
L L B L B B R NN BN N BB

0 1 2 3 4 5 6 7 8 9
Inter-particle distance (um)

Fig. 9 Composite conductivity after 15 h of polarization as a function of
the average inter-particle distance. Composites with unmodified particles
are denoted ‘Un’.
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Table 2 Average inter-particle distance (IPD) for LDPE composites

Surface IPD (um) BS  IPD (um) RS IPD (um)
treatment particles particles nanoparticles
Unmodified 7.8 1.4 1.2

Silica 7.9 1.2 1.1
Silsesquioxane (C8) 7.8 1.2 0.3

The agglomerated nanoparticle system containing the unmodi-
fied nanoparticles (with similar IPD as the rod-shaped particles:
1.2-1.4 pm) displayed a lower conductivity than the larger
unagglomerated rod-shaped particles (3.5 x 10~*” and 1.2 x
107'® S m™’, respectively), showing that the nanoparticle
surface is still active within the nanoparticle agglomerates.
Introducing the C8 coating as a dispersion aid resulted in a
relatively large drop in conductivity from 3.5 x 107'7 to 1 x
107" S m™', compared to that of the composite system with
larger particles. This reduction in conductivity was attributed to
the inherent low current stabilizing particle interface LCSPI
effect associated with the hydrocarbon terminations, accom-
panied by the significantly improved dispersion (reduced IPD
values) of the high surface area nanoparticles, although the
surface of the unmodified nanoparticles remained active as an
interface in the aggregated state. The oxygen in the outer layers
of the silica coating on the nanoparticles increased the compo-
site conductivity by the same magnitude (see 4 in Fig. 9) as for
the rod-shaped particles, despite the three times greater surface
area of the 25 nm nanoparticles. This may be interpreted as
being due to an encapsulation of multiple nanoparticles by the
silica coating (possibly as coated aggregates) that consequently
behave like large micro-sized particles or that there is an upper
limit for the detrimental concentration effect of oxygen.

4. Discussion

Tanaka et al.'® suggested a multicore model with a total inter-

face thickness of 10-30 nm for particles 20-50 nm in size, while
Smith et al® suggested an interface thickness of 10-20 nm
considering the limited mobility of polymer chains in the
vicinity of particles. It was also suggested that magnesium
oxide (MgO) particles in polyethylene have a maximum inter-
face thickness of 40 nm according to calculations based on
density functional theory.>® Takada et al.** suggested that up to
100 nm trap wells are present for 100 nm-large MgO particles at
very high electric fields due to induced dipole moments.
Intermodulation electrostatic force microscopy (ImEFM) has
been used to map the surface potential on a nanometric scale at
the particle interface, and this showed a halo around the
particles consistent with a thickness of ca. 30 nm for modified
Al,O; nanoparticles in a LDPE composite.28 In essence, several
works have pointed at a volumetric interphase extending
radially ca. 20-50 nm from the inorganic surface of the particles.

In the present work it is suggested that the active particle
interface moving the current towards lower values is much
thinner than previously reported. The thickness of the low
current stabilizing particle interface LCSPI is suggested to be
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Fig. 10 Intermodulation electrostatic force microscopy of a spin coated
100 nm thick composite containing 3 wt% C8-coated ZnO nanoparticles
measured with a DC bias of 2 V.

of the order of 1-2 nm, which is sufficient to contain the C8
carbon functionality in the SiOx particle coatings (Fig. 5 and 6).
A critical zone up to 30 nm thick, surrounding the active
interface may however work to accumulate charge at a slower
rate than the charge transfers in the LCSPI, as previously
suggested and visualized with electrostatic force microscopy.

Fig. 10 shows the topography on a nanoscale for a 500 nm
wide area on a 100 nm thick polyethylene film containing
C8-coated ZnO nanoparticles. The surface potential was
measured by ImEFM, using a DC bias of 2 V, corresponding
to 20 kv mm™". The absolute values were shifted to zero for
the polyethylene matrix, the green color in the figure. The
embedded ZnO nanoparticles are distinguished from the crystal
lamellae structure by the red/yellow areas, associated with an
almost 1 V positive charge extending tens of nanometers into the
polymer matrix. The results of INEFM measurements on all the
ZnO nanocomposite materials are shown in Fig. S8 (ESIt), for a
bias of —2, 0 and 2 V. Although the samples showed a similar
surface potential for the coated particles as in Fig. 10, the results
could not however explain why the DC conductivity of composites
containing silica-coated particles was one order of magnitude
higher than that of the particles with aliphatic silsesquioxane
coatings. This shows that the charge accumulation and transfer in
nanoparticle coatings requires a more refined technique with a
higher resolution to yield sufficient image visualization. No shift
in surface potential related to the semicrystalline nature of the
polymer matrix and differences in PE crystallinity between the
samples was observed (Table S1, ESIT). Mixtures of high-density
and low-density polyethylene containing different lamellar thick-
nesses are known to affect the conductivity to a smaller extent
than for metal-oxide nanocomposites.*’ The crystalline PE struc-
ture in the vicinity of a ball-shaped particle was similar to that of
the PE reference, with a measured average lamellae thickness of
8 nm for both materials (Fig. S9a and b, ESIY}).

5. Conclusions

Particle size, inter-particle distance, the presence of particle
aggregates, the interface compatibility of polymer and inorganic
phase, chemical residuals from the polymerization of the matrix,
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the presence of absorbed ambient humidity, and the properties
of the particles are all factors that have been reported to
affect the conductive nature of insulating dielectric nano-
composites.' 1342744 Their relative contributions to the conduc-
tivity has however been mostly unknown, although it has been
demonstrated that the greatest contribution to limiting electrical
conduction in these materials has been provided by an inorganic
nanoparticle phase organized into solitary particles and/or
clusters (aggregates) of varying sizes.® The extent to which the
different factors, associated with the inorganic particle phase,
affect the overall conductivity is in this work, extensively
explored for composites of semicrystalline polyethylene. It is
shown that the particle surface atoms in terms of the inorganic
lattice terminations of the particles affect the conductivity
significantly, and that the overall conductivity of the material
can be controlled by selectively tailoring of the interfaces/
interphases in the particle filler material. This conclusion was
possible to draw after eliminating the presence of particle
agglomerates while comparing micro-sized ZnO particles with
crystal faces either dominated with zinc or oxygen atoms.
Composites containing particles with mostly oxygen surfaces
showed significantly higher conductivity than composites with
zinc terminations, 2.4 and 1.2 x 107'® S m™ ", respectively. The
effect of specific atomic terminations was confirmed by elimi-
nating the difference in zinc and oxygen terminations by
encapsulating the particles in 5 nm thick silicone-oxide-based
coatings, resulting in identical electrical conductivities. However,
silicone-oxide-based coatings consisting of silica resulted in
10 times more conductive composites (2 x 107 S m™ )
regardless of underlying ZnO terminations, while silsesqui-
oxane coatings containing 8 carbon atom units long aliphatic
chains suppressed the interface currents to 9.5 x 10~ S m ™,
which is a marked lower conductivity than that of composites
containing the ‘as-synthesized’ particles without any coatings
(ca. 2 x 107'® S m ™). The results demonstrate that although
oxygen has an overall negative impact when integrated in a
coating, this can be compensated for by integration of ca. 1 nm
organic carbon functional units, herein referred to as a low
current stabilizing particle interface (LCSPI), suppressing the
conductivity of nanodielectric composites. The phenomenon
described was applicable to composites containing 25 nm sized
ZnO nanoparticles, which in combination with the aliphatic
carbon terminations displayed the lowest conductivity of all the
explored systems (1 x 1077 S m™).

The development of future low conductive nanodielectrics,
for the more extensive insulation of HVDC cables and other
applications, will ultimately rely on establishing robust proto-
cols for the preparation of controlled compositions of the
nanometric particle coating interface. The challenge will here
be to design these coatings so they simultaneously allow
for controlling the dispersion of the nanoparticles in large-
scale nanodielectrics manufacture. Overall, the results suggest
however that the interphase control of the inorganic particles
dictate the dielectric properties of the nanocomposite before
the interphase of any types of crystals present in the poly-
ethylene.

This journal is © The Royal Society of Chemistry 2020
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