Chapter 4

Na™ ion conducting polymer-NASICON hybrid composites

In the previous chapter, we discussed the electrical and structural properties of the Li™ ion
conducting polymer—NASICON composites. Such hybrids provide high ionic conductivity
with appreciably enhanced Li" ion transference number. Due to the restricted availability of
lithium, attention has also been on technology based on alternative ions [1][2][3]. Thus, in
view of the need for developing new electrolytes based on other mobile ions, Na™ ion based
systems are the obvious choice due to the huge availability of sodium and similar insertion
mechanism with that of Li" ions [4][5][6]. In this chapter, a thorough investigation on electrical
and structural properties of novel Na* ion conducting solid polymer electrolyte, dispersed with
two types of NASICONs (NTP & NZSP), is presented. The chapter explores the effect of
NASICON concentration on electrical properties in a wide range of composition. It further
assesses the role of electrical conductivity of NASICON in enhancing the overall total ionic
conductivity of the polymer-NASICON hybrid. Also, it gives insights into the effect of salt
concentration in enhancing the ionic conductivity particularly at higher concentrations of

NASICON
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4.1 Nal-(PEO-NTP) system

To understand the effect of grain conductivity in the total conductivity of the polymer-
NASICON composites, the current work discusses the dispersion of basic NASICON
framework compound NaTi2(PO4); (NTP).

In the current section, the compositions under discussion are 10Nal-90[PEO; _x<NTPx] where
0 <x<0.7. Thus x = 0 will be abbreviated as 0 NTP, and similarly x = 0.1 as 10 NTP, and so
on upto x = 0.7 as 70 NTP. Also, the samples with composition x < 0.4 were in film form, and
for x > 0.5 in the pellet form.

4.1.1 X-ray Diffraction

Fig. 4.1 shows the XRD spectra for pure PEO, hybrid SPEs, and milled NTP sample.
Crystallite size of NTP calculated using the Debye Scherrer formula was found to be ~ 30 nm.
In case of film of pristine PEO two characteristics peaks are apparent at 18.3° and 22.6°.
Further, when salt is added (0 NTP), area under the peaks corresponding to PEO get suppressed
that may be due to considerable decrease in the PEO crystallinity. Interestingly when NTP is
added to the matrix, the peaks corresponding to PEO are not only further suppressed, but also
exhibit a notable shift that may be due to strain created at PEO-NTP interface.
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Figure 4.1 XRD patterns for Pristine PEO film, composite SPEs (0 NTP, 40 NTP and 70
NTP) and milled NTP powder sample. Peak indexing as per [7].

92



Na" ion conducting...... Chapter 4

On further addition of NTP into the polymer matrix, for x = 0.7 (1.e. 70 NTP sample) the peaks
corresponding to the PEO completely disappear, and those of NTP are predominantly seen
with a subtle shift. Polymer crystallinity appears to be lost for the high content of NTP in the
matrix. It is important to mention that the salt content is fixed to 10 wt% in the polymer matrix.
However, O/Na ratio changes when NTP is added. Therefore, even for high NTP content where

the O/Na ratio is low, salt remains in the dissolved state.

4.1.2 Elemental distribution

To understand the distribution of sodium and iodine (Na“ and I') ions in the polymer matrix,
EDS mapping was employed during FESEM characterization to confirm components and
elemental distribution, particularly, for 40 NTP and 70 NTP hybrid composites. A combination
of morphology along with elemental distribution is shown for 40 and 70 NTP samples in Fig.
4.2a and b, respectively.
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Figure 4.2 EDS mapping over FE-SEM image for (a) 40 NTP and (b) 70 NTP hybrid
composite. Total elemental distribution of Na, I, and Ti elements by EDS for (c) 40 NTP and
(b) 70 NTP composite.
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For 40 and 70 NTP distribution of different elements, Na, I, and Ti appear dense as well as
homogeneous. Total elemental mapping is also shown in Fig. 4.2¢ and d for 40 and 70 NTP
samples. For 40 NTP, Titanium appears well distributed in the map, suggesting the
homogeneous distribution of NTP nanoparticles in the matrix. As apparent, the salt ions appear
uniformly distributed in both compositions. Additionally, the distribution of sodium appears

denser (even on an extended scale) for 70 NTP.

4.1.3 Electrical properties
The frequency dependence of electrical transport is studied for 0-70 NTP samples.

The conductivity exhibits a mostly similar trend when NTP is added but with certain notable
changes, particularly for high NTP content. For two of the samples with moderate and high
NTP content (viz. 40 NTP and 70 NTP), the c-® behavior is shown inFig. 4.3a & b,
respectively. For both the samples conductivity exhibits a plateau region followed by
dispersion at higher frequencies. At lower frequency values, a significant fall is witnessed due
to interfacial polarization that in turn also confirms a predominant ionic nature. In the inset
of Fig. 4.3a, the Nyquist plot at 303 K 1s also shown where depressed semicircle followed by

inclined line at low frequencies confirms typical ionic behavior of the composite.
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Figure 4.3 (a) Frequency dependence of conductivity at various temperatures for 40 NTP
hybrid composite. Inset: Nyquist plot at 303K and photograph of film. (b) Frequency
dependence of conductivity at various temperatures for 70 NTP hybrid composite. Inset:

Nyquist plot at 303 K and photograph of pellet.
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In case of 70 NTP almost similar behavior is seen for 6-m as well as Nyquist plot. Interestingly,
the characteristics plateau region of dc bulk conductivity is appreciably wide in this case. An
extended plateau region may also suggest relatively longer diffusion lengths for sample with
higher NTP content. Therefore, an important role of embedded NASICON particles is expected
in facilitating the bulk conduction process. From the Nyquist plot of 70 NTP, it may also be
suggested that NTP crystallites do facilitate electrical transport. Secondly, no separate
ingrain/grain boundary semicircles are visible that in turn suggest nominal grain boundary
contribution to total electrical transport.

From the plateau of o-w plot, the bulk conductivity was obtained and plotted as a function of
temperature in Fig. 4.4. Initially, the conductivity almost increases Arrheniusly for all samples.
For the low NTP content samples, conductivity shows a notable deviation from linear behavior
near the melting point of PEO. Interestingly, the deviation in conductivity shifts towards the

higher temperature side with an increase in NTP content as also shown by the dotted line.

T°C
70 65 60 55 50 45 40 35
I I I I i ’g,‘* = _}IONf;’ I
107 §\/~L@
=¥ ] &
itin"‘ £
A ) 'I“ E
4 o "»‘ﬁ'ﬁ’i}*u,‘ 2740 60 80 100
10 M angny %4 o L] '.*-*-t- T¢°C) E =047V
S E l..‘A. . : m“’"‘?b( R
IE . '--.'A""n ', ol T ‘.r::z'*’*l»n
(@) 5 L '- Y L
o o [ ]
« 107 F= 7ONTPIL ", “eo 44%%¢e, . ...
! E . e A% N —050ey
G E » JONTPI . . Lites
B " ‘l. A"R‘«.
o [+ G60NTP ", Ttea,, foag
b_D 10-6:_. S0NTP --”l-"'.".'-.-‘..'.!l. ....‘Oono |
é 40 NTP gy IIII._.:..‘
[ * ?8 EP; E =0.6leV
-7 [ ]
18 E = ONTP . .
29 3.0 3.1 3.2
1000/T (K™

Figure 4.4 Temperature-dependent dc conductivity for hybrid composites of composition
10Nal-90(PEO.xNTPy), 0 <x <0.7. Plot with 70 NTP I and 70 NTP II corresponds to first and
second heating cycles for 70 NTP composite. Inset: DSC thermogram for 0, 40 and 70 NTP
samples. The dashed line is a guide to the eye to show deviation from Arrhenius behaviour

near melting of PEO.

95



Na" ion conducting...... Chapter 4

For high NTP content x> 0.5 interestingly, no such deviation at the melting point of the PEO
is noticed. For these samples (pellet form) the cycles are truly reproducible at least up to
100 °C. Since polymer content notably reduces in these compositions due to NTP substitution,
the melting event possibly leads to a less significant change in the conductivity. The same is
also complemented by the DSC thermogram (inset) obtained by normalizing the heat flow with
respect to PEO amount in composites, where the area under the melting dip of PEO gradually
gets suppressed with NTP content and fully disappears for 70 NTP sample.

Further, scaling behavior for electrical conductivity with temperature for 70 NTP sample and
with NTP content at 30 °C has been analyzed systematically. For scaling, dc conductivity is
obtained from the plateau region and wqc 1s obtained from the fitting result of the Almond-west

formalism as describe elsewhere [8].
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Figure 4.5 (a) Conductivity scaling behaviour for 70 NTP composite with temperature
variation. Inset: The same on an extended scale. (b) Conductivity scaling behaviour at room
temperature with varied composition of NTP: 10Nal-90(PEQO xNTPy), 0 <x <0.7. Inset: The

same on an extended scale.

Fig. 4.5a represents the scaling behavior with temperature for 70 NTP sample, where the
spectra at higher frequency region apparently superimposed into a single master curve. These
suggest the same mechanism of ionic transport at different temperatures. Scaling behavior 1s
however lost with NTP content as shown in Fig. 4.5b. There is an apparent deviation from the

single master curve, more significantly noticed at lower frequencies. The inset of Fig. 4.5a and
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b again shows the same on an extended scale. It may be readily suggested that the mechanism

of electrical transport is very much influenced by NTP addition to the matrix.

Further, to understand the role of NASICON in electrical transport, low temperature
conductivity behavior and structural relaxation was obtained. The ac conductivity and electric
modulus were obtained in a frequency range of 10Hz-10MHz and studied as a function of
temperature (220K -300K) with an interval of 4K.

The frequency dependence of ac conductivity for 0 NTP and 40 NTP samples 1s shown in Fig
4.6 (a) and (b). For O NTP the conductivity at low temperatures apparently exhibits two dc to
dispersion regions (onset shown by arrows). At higher temperatures, high frequency plateau is
though not distinguishable. The 40 NTP sample, however, exhibits only one apparent plateau
spreading in a wide range of frequencies. The lower frequency plateau corresponds to long
range diffusion of ions, and the one at higher frequency to structural relaxation of host polymer
chains [9—-12]. Thus the structural relaxation of host chains appears to be suppressed in 40 NTP

sample.
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Figure 4.6 Frequency dependent conductivity at different temperatures for (a) 0 NTP and (b)
40 NTP hybrid SPLs. The arrow indicates two well separated dc to dispersion regions, more

apparently visible at lower temperatures.

The onset of both the dc to dispersion regions (Fig. 4.6a and b) shift to higher frequencies as
the temperature increases. This further suggests that for both processes, conductivity and

structural relaxations are indeed temperature dependent. From the low frequency plateau
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region, the dc (total) conductivity values were obtained and plotted as a function of temperature

in Fig. 4.7.
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Figure 4.7 Temperature dependent dc conductivity for the sample with 0 NTP and 40 NTP.

Fig. 4.7 shows the temperature dependence of ionic conductivity (c4c) below ambient
temperatures for 0 NTP and 40 NTP. 40 NTP exhibits higher conductivity than that of 0 NTP.
It is evident that for 0 NTP (O/Li ratio of 31/1), the conductivity obeys Vogel-Fulcher-

Tammann (VFT) viz. equation 1.

B

o (T)=ATi(-—2—) (1)

where A is the pre-exponential factor, Kg is the Boltzmann’s constant, T is the temperature in
absolute scale, To is the Vogel temperature and B is the pseudo activation energy. As described
by various earlier workers [9], this non-linear behavior of the dc 1onic conductivity corresponds
to the 1on transport through segmental relaxation of the host polymer which is apparently seen
in - 30°C to -20°C temperature range. However, in this similar range of temperature, unlike O
NTP, the 40 NTP composite exhibits apparent Arrhenius behavior. This readily suggests two
separate mechanisms for samples with and without NTP. Arrhenius-like behavior of the dc
conductivity suggests that the motion of the cations is hardly because of the structural

relaxation of the polymer chains, but mostly through some other pathways.
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As also noted in Fig. 4.7, the ionic conductivity for O NTP sample shows a notable drop at a
temperature of ~ - 25°C. Such a drop may be due to the freezing of polymer segmental motion
and hence freeze the ionic motion. However, different behavior is again noted for 40 NTP
sample below -20°C. As apparent, the dc conductivity shows a saturation below freezing of
polymer chains. It may be suggested that when the polymer is below Ty, the reinforced NTP
in the matrix plays an important role and provides conduction pathways. The conductivity
saturation may be attributed to poor thermally activated behavior in NTP.

Electric modulus (M"- ®) spectra have also been studied. It is known that M" formalism
suppresses the electrode polarization effect observed in the low frequency region and mainly
provides information about electrical transport through bulk [9-12]. Fig. 4.8 (a) and (b) show
the behavior of electric modulus (M") with frequency for 0 NTP and 40 NTP at various

temperatures. For comparison, the spectra were obtained at similar temperatures.
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Figure 4.8 Frequency dependence of electric modulus (M") for 0 NTP and 40 NTP composites

with temperature (for T > Tj).

As described previously [12], pure PEO exhibits two apparent merged-up peaks in M"- ®
spectra, attributed to long range ionic motion of impurity (at lower frequencies) and structural
relaxation of polymer (at higher frequencies). In the present case, for 0 NTP, very similar
behaviour is observed that suggests polymer chains are able to perform relaxation. In addition,
long range 1onic motion is also promoted in O NTP that may be through 1on chain coupling.
On the other hand, for 40 NTP, the second peak in M"- ® 1s not apparently visible, that may

suggest suppression of chain relaxation due to reinforcement of NTP in the matrix. Therefore,
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ion chain coupling though may exist, but not predominantly. The composite with NTP appears
to support a dominant single process of ion migration. The M"- ® behavior for 40 NTP is in
agreement with that of ¢’- @ behavior where a single plateau is only observed, referring to a
predominantly single mechanism of ionic transport.

Since the salt ion concentration in the compositions was kept constant to 10 wt%, NASICON
crystallites must play a role in conductivity rise, particularly the pathways they may provide
for 1on transport through surface or bulk. Therefore, ionic mobility was measured using TIC
technique (Discuss in Chapter 2) to get an insight into possible pathways for 1onic transport.
Transient ionic current behavior with time on reversal of polarity is shown for some

compositions in Fig. 4.9. The ion mobility is reported for five compositions in Table 4.1.
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Figure 4.9. Transient ionic current versus time for 50 NTP, 60 NTP and 70 NTP with
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polarization voltage of 0.5V. Inset: Time of flight (1) measurement from 70 NTP on an
extended scale.

Table 4.1 Ionic mobility using TIC technique for various compositions.

Sample O/Na'ratio i (cm?/V-s)

0 NTP 3171 92 (£02)x 107
40 NTP 18/1 94 (£02)x 107
50 NTP 1571 01 (£0.2)x 102
60 NTP 121 9.6 (£02) x 102
70 NTP o/1 9.9 (£0.2)x 102
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The values obtained for polymer films without NASICON content are almost comparable to
those reported in previous investigations [13]. As apparent, a significant rise in the mobility is
observed for samples with high NTP content in the matrix, which suggests new pathways due
to the presence of NTP in the polymer matrix. Alternatively, in presence of NTP grains, the

ionic response to an external electric field improves which leads to fast ionic transport.
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Figure 4.10 Temperature dependence of dc conductivity for 10Nal-90(60PEO40 M), where M
corresponds to dispersoids NTP, Al;Oz and NZSP (NaszZr>Si>PO;2) of almost same crystallite

size of ~ 30 nm.

Further, composites with different fillers (of the same size) were examined to understand the
role of the electrical conductivity of NASICON in enhancing the overall ionic conductivity of
the hybrid composites. As shown in Fig. 4.10, the conductivity of filler dictates the electrical
transport. For insulting Al,Os, the conductivity is lowest, whereas, samples dispersed with the
highest conducting NASICON 1.e NazZr;S12P012 (NZSP) crystallites exhibit much superior
conductivity. Therefore, repeatedly one observes that electrical conductivity of NTP (or any

other NASICON analogue) plays a major role in order to tailor the overall conductivity of the
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hybrid composite. Thus from here onwards, the discussion is around polymer matrix dispersed

with the highest conducting NASICON viz. NZSP.

4.2 Nal-(PEO-NZSP) system

The samples under discussion are 10Nal-90[PEQ _xNZSPx] where 0 <x < 0.7. The compoite
with x = 0 here after abbreviated as 0 NZSP, and similarly for x = 0.1 as 10 NZSP and so on
upto x = 0.7 as 70 NZSP. Importantly, samples for x < 0.4 were films and x > 0.5 were pellet.

4.2.1 X-ray diffraction and FESEM

The XRD patterns for these hybrid PEO-Na3Zr2S12PO12 films are shown in Fig. 4.11a. The
characteristic peaks corresponding to NZSP crystallites quite match well with the reported
values [14]. The crystallite size for NZSP using Debye-Scherrer relation is found to be ~ 30
nm. The peaks corresponding to PEO and NZSP are apparent in the patterns of hybrid
composites, viz. 40 and 70 NZSP (Fig. 4.11a).
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Fig. 4.11 (a) XRD patterns for composites 10Nal-90[PEQO1-xNZSPy], where x = 0, 0.4, 0.7
along with pristine PEO and NZSP, indexing as per [15] (b) FEESEM images for 40 and 70
NZSP composite at 1 um and 500 nm scale

Similar to previous observations, with increasing NZSP content, the polymer peaks
significantly get suppressed and seen shifted as well. The significant change in the area under

the peak and position of the PEO peak suggests its amorphization due to increasing NZSP
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content in the matrix. Further, no new peak appears in the XRD spectra that readily suggests
the existence of NZSP and polymer in separate phases.

Fig. 4.11b shows the surface morphology for 40 NZSP and 70 NZSP composites at 500nm and
1um scale. As evident, in 40 NZSP sample, ceramic crystallites are in a relatively small amount
and seen embedded between polymer layers though distribution appears less dense. The
structure for composite 70 NZSP apparently suggests ceramic particles occupying a large
volume fraction in the polymer matrix maintaining a dense and quite even distribution of

grains. There is no agglomeration/segregation evident at least on the surface.

4.2.2 Electrical properties
Fig. 4.12 describes conductivity investigations on 10Nal 90[PEO1«<NZSPx] composites. The
temperature-dependent ionic conductivity (1 kHz) with NZSP content is shown in Fig. 4.12a
that exhibits apparent Arrhenius behavior.
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Fig. 4.12 (a) Temperature dependence (1 kHz) of ionic conductivity for composites 10Nal-
90[PEO .NZSP+], where 0 < x < 0.7 and, (b) Nyquist plots (normalized with thickness for
comparison and area of cross section is kept same for all samples) for 0, 40, and 70 NZSP at
different temperatures for cell configuration of SS|SPE|SS. The solid line in the Nyquist plot

shows the best fit using the equivalent circuit in the inset.
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Similar to earlier composites, for the lower content of NZSP in the polymer matrix (x < 0.4),
the melting event (Tm) of the PEO is prominently observed. The same is gradually suppressed
for samples with higher NZSP content. Crystallinity of PEO appears to be completely
suppressed for larger content of NZSP which is consistent with other hybrid composites. As
observed in Fig. 4.12a, the 1onic conductivity monotonically increases with NZSP content, and
for 70 NZSP, it reaches an appreciably high value of ~ 10™* Q-1-cm™! at room temperature.
Fig. 4.12b shows Nyquist plots for composites with x =0, 0.4 and 0.7 at various temperatures.
Evidently, the plots exhibit similar behavior for all compositions i.e. a semicircle at higher
frequencies followed by a spike/spur at lower frequencies. The plots were further fitted using
the combination of (R1]|Q1)*Q2, (where R and Q represent resistive part and constant phase
element, respectively). From the low-frequency intercept of the semicircle, the total resistance
(R1) was thus obtained.

As seen, the resistance R decreases with NZSP content. As observed in Fig. 4.12a, 70 NZSP
(1.e. with 63 wt % NZSP) exhibits a maximum ionic conductivity. In the further study, attention
has been given to a composite with the highest NZSP content (63 wt% ) and an effect of salt

variation was investigated.

4.3 NZSP-(PEO-Nal) system
The samples (in the thick film form of thickness 450 um) under discussion are 63NZSP-
37(PEO;xNalx) where x=0.03, 0.07, 0.11 and 0.13.

4.3.1 Electrical properties

The electrical and structural properties of the composites 63NZSP-37(PEO;xNalx) were
studied. Nyquist plots and corresponding fitted spectrum using a combination of resistances
(R) and constant phase elements (CPE) for composite with x = 0.03 (inset) and 0.13 are shown
in Fig. 4.13a. As evident, the plots exhibit dissimilar nature for these low and high salt content
samples. For composite with x = 0.03, a single depressed semicircle is observed followed by a
spike at lower frequencies. No separate contribution of the phases can be estimated here, thus
R1 1s attributed to the total resistance of the composite. However, for a sample with x =0.13,
the semicircle appears to be shifted away from the origin. This readily suggests two different

electrical transport mechanisms represented by respective models (inset).
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Resistance R1, thus, can be attributed to bulk transport (Ry) whereas, R2 to a relatively poor
conducting region, maybe the grain—grain interface, where polymer’s presence is likely. Thus,
R2 may again be assigned to polymer-grain boundary interfacial properties (Regs). The exact
determination of conductivities of different phases (corresponding to Ry and Regg) and their
temperature dependence is rather tricky due to limited frequency range. However, safely the

total conductivity is obtained from low frequency intercept with the inclined line.
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Figure 4.13 (a) Nyquist plots for composites with x = 0.13 and 0.03 (inset). Dotted lines
represent corresponding fitted models. (b) Temperature dependence of total conductivity
obtained from Nyquist plots for all composites. Inset: a-T cycles (1 kHz) at a heating rate of

1°C min™! to observe effect of polymer melting on electrical transport.

Fig. 4.13b shows the temperature dependence of total conductivity obtained from Nyquist
plots. Apparently, for higher salt content the conductivity almost increases linearly with
temperature. It exhibits a high value of 104 Q' cm ' at room temperature for x = 0.13,
comparable to bulk conductivity of NZSP [14]. The activation energy for the highest
conducting composition (0.33 eV) is also found to be comparable to NASICONSs reported
earlier [14]. Such a rise must be attributed to a significant alteration of conductivity at grain-
grain interface. The interface, where Na* ion rich polymer is incorporated, possibly facilitates
smooth inter-grain transport. On heating at a controlled rate (Fig. 4.13b inset), conductivity
shows a rapid increase near polymer melting temperature for x = 0.03. For x =0.07-0.11,

polymer is largely substituted by the salt, therefore PEO melting (Tw) event is not evident in
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the o-T behavior. This may also be due to a significant change in the O/Na ratio from 30:1 (for
x =0.03) to 6:1 (x = 0.13) that leads to a decrease in PEO crystallinity. Thus composites with

x = 0.07-0.13 exhibit reproducible Arrhenius behavior of 6-T cycles at least up to 100 °C.

4.3.2 X-ray diffraction and FESEM

Fig. 4.14 shows XRD patterns for Na3zZr2S12PO12 [16][17][15] and hybrids. No precipitation is
evident even for high salt content samples. Since salt is in the dissolved state, a large mobile
ion concentration is therefore expected in the polymer existing at inter-grain voids and grain

boundaries.
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Figure 4.14. XRD patterns for composites with x = 0.03-0. 13. Indexing as per [15]

FESEM images of composites with x = 0.03 and 0.13 are shown in Fig. 15 aand b. As apparent
for lower salt content, polymer is apparently seen surrounding the nano-grains of NZSP. For
large salt content when the polymer is in small amount, grains are more closely packed. In both

cases, composites appear homogeneous.
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(a) (b)
Figure 4.15 (a) and (b) FESEM images for composite with x = 0.03 and 0. 13, respectively.

4.4. Summary
(1) (i) Na"ion based NTP as well as NZSP dispersed polymer composites could be prepared

in a wide range of the composition. Similar to Li" ion dispersed systems, these samples
were found to be embedded with evenly distributed active crystallite fillers of uniform
size.

(11) The addition of NTP/NZSP suppresses the crystallization of PEO. For large filler
content, thermal cycling stability notably improves. This is consistent with those of Li*
ion systems.

(111) Results again suggest that the quality of grain interior conductivity plays a major role
in achieving high conductivity in these composites.

(iv) The addition of NASICON seems to be affecting the mechanism of transport and also
the 1on mobility, particularly for large content of fillers.

(v) Composite with 63 wt% NSZP with x = 0.13 Nal concentration exhibits a maximum
ionic conductivity ~ 1074 Q1 cm™!. This is one of the highest conductivity reported so
far in Na™ ion solid electrolytes.

(vi) These results along with those on Li* ion systems (chapter 3) strongly suggest that
NASICON crystallites not only facilitate electrical transport by creating amorphous
regions, but also enhance conductivity by providing pathways, either through their bulk

or through states existing at polymer-NTP interface. For this, however, it is required to
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show some evidence of decoupling of cations from the polymer matrix. This will be

presented in the next chapter.
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