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Crystallization kinetics behavior of IL [EMIM][BF4] confined in mesoporous silica
matrices
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Crystallization kinetics behavior of pure ionic liquid (IL) (1-ethyl-3-methylimidazolium
tetrafluoro borate; EMIMBF,) as well as IL confined in mesoporous silica matrices (termed
as ionogel) is concern of our present study. The ionogels (IGs) were synthesized by non-
hydrolytic sol-gel process. DSC was employed to investigate the isothermal crystallization
kinetics behavior of IL in bulk as well as in confinement. Isothermal crystallization
temperatures were chosen few °C above the onset crystallization temperature of IL in bulk
and in confinement. Crystallization kinetic parameters such as relative crystallinity (o),
crystallization half time (t;5,), crystallization rate constant (K) and Avrami exponents (n) have
been determined by isothermal technique using DSC. Crystallization kinetic parameters have
been found to be dependent on amount of IL and crystallization isothermal temperatures. The
experimental data based on the isothermal method show that confinement of IL results (i)
delayed crystallization and (ii) reduced dimensionality of the crystallization kinetics from 3 D
(for bulk IL) to 1 D. X-ray photoelectron spectroscopy (XPS) and transient plane source
(TPS) studies have been used to explain delayed crystallization.
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Introduction

Studies on ionic liquids are growing due to their intrinsic interesting properties'™ (like low
vapour pressure, high solvation ability, non-flammability, non-toxicity, high ionic
conductivity etc), which make them potential candidate for possible technical applications in
various devices such as electrochemical devices like batteries®, fuel cells®, solar cell’, super-
capacitorsg, electro chromic display devices’, actuators'® etc. Direct application of IL is
prevented due to many limitations such as packaging problems, limited temperature range of
operation, portability, leakage and corrosion problems associated with the liquidus nature of
IL. Recently, a novel class of materials termed as “ionogel”''"* (IG) has been developed by
confining ionic liquids in porous matrices like SiO,, TiO,, SnO,, carbon nano tube etc. !+
Immobilization of the IL in silica matrix provides mechanical support, easy handling, high
conductivity and stability to the IL and increases its performance by making them a good
solid electrolytes suitable for the solid state devices. Applications of IGs range from
electrochemical devices; like, lithium ion batteries,'® proton transport membranes suitable for
fuel cells,” energy storage devices such as supercapacitors,” solid electrolyte for dye
sensitized solar cell,”’ optical devices; like, electro chromic applications22 and sensors.” The
porous oxide is generally prepared by hydrolytic and non-hydrolytic sol-gel synthesis
routes.”**’ The properties of IL have been found to change on confinement. For example, the
phase transition temperatures like glass ftransition temperature (Tg), crystallization
temperature (T.) and melting temperature (T,,) of bulk IL are reported to change on

14152832 These changes have been explained on the basis of interaction of pore

confinement.
wall of confining matrix with confined IL.'***3? A large number of studies are available on
the effect of confinement on properties of many materials like molecular liquids, gases,

water, liquid crystals etc.”>° The emphasis on many of these studies is to study the effect on

the crystallization behavior. Few studies on the crystallization kinetics of ILs are reported.’’
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However, to the best of our knowledge, there is no study reported on the crystallization
kinetics behavior of IL confined in nano-pores. Most of the ILs are glass forming materials
and few of these pass through a crystallization peak at a characteristic temperature,
(T.).2**%4 Different approaches are adopted for studying the crystallization kinetics

4144 bure ionic liquids® and ionic liquid based polymer electrolytes.*’

behaviour of polymers,
Muller’s group has given a detailed guideline to fit the isothermal polymer crystallization
kinetics data obtained by differential scanning calorimetry (DSC) using Avrami equation and
described the role of choosing the proper crystallization temperature for isothermal polymer
crystallization kinetics.*! Proper choice of crystallization temperature is very important, in
case of ionic liquid too. For isothermal crystallization kinetics study of IL and #IGs, samples
are cooled below glass transition temperature for sufficient time and then to study the
crystallization kinetics behaviour, samples are heated towards crystallization temperature
(details are discussed in the experimental section). Whereas, in the case of polymers, to erase
the thermal history, samples are first heated above melting temperature, for some time and
then quenched to proper isothermal crystallization temperature to study the isothermal
crystallization kinetics behaviour.*'**

Recently, we have studied [EMIM][BF4] confined in nano porous silica having pore sizes
7.4 and 7.8 nm, as well as unconfined [EMIM][BF4], and found that it shows two

crystallization peaks both in bulk and in confinement,***

indicating simultaneous presence
of two different types of solid phases.”*”**° The focus of the present study is to find, in
general, the effect of confinement on crystallization kinetics and in particular to answer the
following questions: (i) Does confinement slow down or hasten the crystallization? (ii)
Whether the crystallization in confinement is 3D or it changes to 1D because of the restrictive

barriers due to the walls of confining nano-pores? In the present investigation we have used

“isothermal crystallization” technique to study the crystallization kinetics using DSC. It is

3
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found that the crystallization slows down on confinement and the ionic liquid prefers 1D
crystallization in confinement. X-ray photoelectron spectroscopy (XPS) and transient plane
source (TPS) measurements have been used to explain the slowing down of crystallization
process of IL in confinement.

Experimental section

Preparation of samples of ionic liquid confined in silica

Ionic liquid (IL), (1-ethyl-3-methylimidazolium tetrafluoroborate, EMIMBF,) obtained from
Sigma Aldrich was used for the preparation of IGs. The samples of IL confined in
nanoporous silica were obtained by sol-gel process as described by us earlier.”®* In brief,
tetracthylortho-silicate (TEOS), formic acid (HCOOH) and IL were mixed in molar ratio of
1:8:x (where x= 0, 0.25 and 0.35) for obtaining the IGs [x=0 is for pure silica gel]. We have
chosen different mol% of IL such as 0.15, 0.25, 0.35, 0.5 mol % etc. for the formation of 1Gs
but IGs with 0.25 and 0.35 mol % only were found more stable than the other mol% and
have been designated as #1G2 and #1G3 respectively.

Karl Fischer analysis

Mettler Toledo C20 Karl Fischer Coulometric Titrator was used for the determination of
moisture (water) content in ionic liquid which was ~ 200 ppm for pure ionic liquid.

To overcome the problem related to the moisture, all the samples (IL as well as IGs) were
dried under high vacuum (~ 107 torr) for 24 hrs and then heated at 60 °C for ~ 12 hrs before
storing in a Glove box (Bionics, Model No: BST-TGB10000/A).

Crystallization kinetics by Isothermal crystallization techniques

Three different samples, neat IL, #1G2 (0.25 mol% of IL confined in SiO, matrix) and #1G3
(0.35 mol% of IL confined in SiO, matrix) were taken for crystallization kinetic study and

subjected to the DSC analysis under the isothermal process.
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A Differential Scanning Calorimeter (DSC) Mettler Toledo DSC-1 was used for the
investigation of onset of crystallization, (Tc)onset, and studying crystallization kinetic
behavior. The DSC measurements were done in N, atmosphere with a flow rate of 25 ml/min
and for this, weight of samples in aluminum pan was kept nearly constant (=13-15mg) in all
the cases. The results of the measurements (DSC and crystallization kinetics studies) were
reproducible for the samples stored in glove box. Before performing the measurements (DSC
and crystallization kinetics studies) the samples were again preheated in a sealed pan
containing a pin hole by giving a temperature programme for DSC which includes, a first
heating cycle (at a heating rate of 20 °C/min) from 30 °C to 100 °C and holding it there for
nearly 5 min. Then the samples were cooled from 100 °C to -120 °C at a cooling rate of -50
°C/min, followed by an isotherm of 30 min at -120 °C. Finally, the DSC thermograms were
recorded from -120 °C to 100 °C at a heating rate of 10 °C/min and (T¢)onset Were noted. The

values (T¢)onset for bulk IL, #1G2 and #IG3 are -76, -47 and -60 °C, respectively.

For studying isothermal crystallization kinetics process, the crystallization
temperatures were chosen 2 to 8 °C above the (Tc)onset- The isothermal crystallization
temperatures, (T.)iso, used were -70, -72 and -74 °C for pure IL; -40,-41, -43 °C for #IG2 and
-55, -57, -59 °C for #IG3, respectively. For carrying out experiment on isothermal
crystallization kinetics, samples were first cooled to -120 °C and then heated to ~ 20 °C
below the (T)onset @S5°C/min and then quenched rapidly @50 °C/min, to various
crystallization temperatures. For the deconvolution of the experimental crystallization curves,
PeakFit v4.12 was used. It identifies the peak by finding local maxima in a smoothed data

stream; second peak was then added where residuals occur.

X-ray photoelectron spectroscopy (XPS) technique was used to get an idea about the
chemical interaction and identification of electronic states of the IL in confined system. XPS

5

Page 6 of 29



Page 7 of 29

RSC Advances

study was carried out using VSW-ESCA photoelectron spectrometer (with AlK,
unmonochromatized X-rays having energy of ~1486.6 eV). The resolution of the instrument
was ~ 1.0 eV. Binding energy (B.E.) of Cls ~284.6 eV was taken as reference to correct the
shift in binding energy (B.E.) of core levels due to charging effect. XPSPEAK4.1 software
was used for the deconvoltion of the XPS B.E. peaks.*® Thus the obtained B.E. peak position

was used for the interpretation of the spectra.

Thermal conductivity of the IGs was measured using pellets of #IG2 and #1G3, which
were prepared at a load of 3 tons and measurements have been made at room temperature
using recently developed transient plane source (TPS) technique also called the Gustafsson

probe or the hot disk (HD) ‘[echnique.47

The method is based on the use of a transiently heated plane sensor which consists of
concentric circles coated by a thin polymer with good chemical resistance and mechanical
properties on both sides. The concentric circles are made into a double spiral so that current
can be fed from one end to the other. To measure the thermal conductivity, TPS sensor is
placed between two pieces of the sample material to be tested. One of the main advantages of
transient techniques over steady state techniques is the influence of contact resistance that can
be removed in the analysis of experimental data. This enables accurate measurement over a

wide range of thermal conductivity for a variety of materials.
Results and discussion

The experimental isothermal crystallization curves (E;s,) for the three samples viz. pure IL,
#IG2 and #1G3 at different crystallization temperatures (as described in experimental section)
are given in Fig. 1. We have deconvoluted the isotherms and deonvoluted peaks marked as P,

and P, [also shown by colored lines] corresponding to the two solid phases are shown in Fig.
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1 [Isothermal crystallization curves are shown by the dark lines]. It can be seen that there are
signatures for the existence of two peaks which indicate that there are two solid phases in
which [EMIM][BF,] is likely to crystallize. Earlier DSC results of bulk IL, [EMIM][BF4] as
well as confined IL have shown the existence of two T.s and T,'s in the
thermogram.”®**** The earlier one is due to the ordered crystal structure and later one is
due to anion disorder.”®***° The first crystallization peak is more prominent while second
crystallization peak is rare and is observed only in some ILs such as [EMIM][BF,],”
[BMIM][PF¢]* etc. Some other ILs have also been found to crystallize in three phases.49
Change in intensity and position of these peaks related to two crystallization phases may
occur, with the change in the amount of IL and isothermal crystallization temperatures.
Because, all the measurements have been made at different crystallization temperatures so
peak positions and intensity of the phases appearing at different temperatures are expected to
be different (Fig. 1). To study the crystallization process as a function of time for each of the
phases separately, the results for the two peaks (P; and P,) are also presented separately in
Fig. 2.

The relative crystallinity (o) at a time ‘t’ can be evaluated using the DSC exothermic
thermograms (Fig. 2), which is defined as the ratio of crystallinity at any time ‘t’ to the

crystallinity when time approaches ‘infinity’ as given below™"

rdH
j—.dt
AH, 3 dt
a:—t:oo (1)
AH dH

0

—dt
dt

—

0
where dH/dt is the rate of heat evolution, AH; is total heat evolved at any time t and AH,, is
the heat evolved when time approaches infinity (o).

Using equation (1), the relative crystallinity (o) generated at any time ‘t” for pure IL and

for IL in confinement are plotted as a function of time (t) at various crystallization
7
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temperatures in Fig. 3. Fraction of the IL transformed to crystallized state with time for IL in
bulk and in confinement at three different crystallization temperatures are shown in Fig. 3 (a-
f) [where, Fig. 3(a, d) for IL, Fig. 3 (b, e) for #1G2 and Fig. 3 (c, ) for #1G3 corresponding to
first and second solid phases respectively]. This has been used to find out the value of
crystallization half time (t;,) which is the time needed to attain 50% crystallization of the
system. The values of t;,; are given in Table 1. A comparison of results of pure IL with those
of #1Gs shows that IL, [EMIM][BF4] confined in silica matrix takes longer time (~ 150-580
s) to crystallize in comparison to the neat IL (~ 70-100 s). The same feature of delayed
crystallization of confined IL in comparison to the neat IL has been observed for the second
crystallization peak present in the IL, which shows that crystallization rates become slower in
confinement. The slowing down of the crystallization rate of IL in confinement may be due to
interactive forces acting between the pore wall surface which hinders the process of
crystallization. For IL in confinement, besides electrostatic (cation-anion, cation-cation &
anion—anion)51 and van der Waals interactions; surface interactions (H-bonding, liquid-solid
interface etc.) with the silica pore wall are also possible.3 32:39:31-53 Among these various
interactions, surface interactions play dominant role in confinement and decide the
crystallization rate because surface interactions will oppose the molecules to arrange and
support the delayed crystallization process in confinement by hindering the motion of IL.
Detail explanation of surface interactions and delayed crystallization have been discussed in
the next section related to X-ray photoelectron spectroscopy (XPS) and Transient plane

source (TPS) studies.

Isothermal crystallization kinetics behavior of IL in bulk and in confinement has been

interpreted using Avrami equation. For obtaining more information about the isothermal
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crystallization kinetics, the evolution of the relative crystallinity (o) with the crystallization

time (t) was assumed as>>°

a=1-exp(-Kt") 2)
where a is the relative crystallinity at any time t, n is the Avrami exponent depending on the
nature of nucleation and geometry of growing crystal and K is the crystallization rate constant
related to the nucleation and growth parameters. In the confinement, one order larger value of
K (Table 1) indicates the larger number of nuclei or higher nucleation rates and suppressed
crystal growth.”’

The equation (2) can be rewritten as
In[-In(1-a)]=InK + nint 3)

Thus, if the experimental kinetic data obeys the Avarmi equation, then the plot of In[-In(1-a)]
as a function of In t would be a straight line, which is useful in finding the values of n and K.
Fig. 4 shows, the complete Avrami plots for pure IL, #1G2 and #IG3 at different isotherm
temperatures. Avrami equation is generally applicable at initial stages of crystallization (i.e.,
at lower times) and the straight line behavior of In[-In(1-a)] vs. In t is applicable. Avrami
exponent (n) and crystallization rate constant (K) can be obtained by knowing the slope and
intercept of the straight line respectively, using Avrami plots at initial stages of crystallization
(Fig. 5). Values of Avrami exponents (n; and np), crystallization constants (K; and K;) and
crystallization half-times (ti» ) and tj» (2) at various crystallization temperatures
corresponding to the two phases present in the material for the IL and IGs are given in Table
l.

The values of Avrami exponents n; and n; (corresponding to the both phases present in the
IL) for pure IL are respectively 2.32 and 2.42 (at crystallization temperature T,=-70 °C), 2.28

and 2.31 (at crystallization temperature Tc= -72 °C) and 2.04 and 2.51 (at crystallization

Page 10 of 29
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temperature T.= -74 °C) (see Table 1) suggesting three dimensional crystal growth for IL in
bulk while incorporation of IL in SiO, matrix changes the crystallization behavior of IL. For
all crystallization temperatures, obtained values of ‘n; and n,’ for #IG2 and #IG3 are nearly
equal to 1 which indicates a one dimensional crystal growth.

To get a sufficient evidence in favour of this delayed crystallization rate, we carried out
simultaneous measurement of x-ray photoelectron spectroscopy (XPS) and transient plane
source (TPS ) to explore the reason for the delayed crystallization rate in confinement as
discussed below.

X-ray photoelectron spectroscopy (XPS)

We have carried out the core level XPS study of the pure silica and IL confined in silica
samples. The binding energy (B.E.) positions of the different elements present in the samples
have been analysed carefully. Survey scan spectra of pure silica and the IL confined samples
#IG2 and #IG3 show the presence of various peak positions related to Si2p, Bls, Cls, Nls,
Ols and Fls at their respective B.E. positions (Fig. 6). In order to get a precise and detailed
understanding about the chemical interactions/compositions, we have taken the detailed scan
spectra and further deconvoluted it. The detailed scan XPS spectra for all the observed
elements viz. Si2p, Ols, Bls, Nl1s, Fls and C1s present in the IL in confined systems of silica
matrix i.e. for #1G2 and #IG3 are shown in the Fig. 7 [a-h] and Fig. 8 [a-f], respectively. It
has been observed that the B.E. peaks of all the elements (Si2p, Ols, Bls, Nls, Fls and Cls)
get changed upon confinement as compared to their respective reported™>® bulk B.E.
positions.

The observed B.E. positions for Bls of IL is ~ 193.4 ¢V and 192.8 ¢V for #1G2 and #IG3
(Fig. 7 a & e), respectively, which has been shifted to lower B.E. side as compared to the
reported bulk value for Bls (~ 195.6 ¢V).”® Similarly, the B.E. peak positions of N1s and Fls

are also found to be shifted upon confinement to 401.8 eV (#IG2) [Fig. 7b] and 401.6 eV
10
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(#1G3) [Fig. 7f] for N1s and 686.6 eV (#IG2) [Fig. 7c] and 686.5 eV (#1G3) [Fig. 7g] for Fl1s
as compared to their bulk B.E. positions of ~ 398.4 eV (for Nl1s) and 688.3 eV (for Fls),
respectively. The B.E. peak position for Cls ~ 286.5 eV reported earlier for IL showed the
sp® hybridized carbons in the hetro-aromatic ring of the imidazolium and sp® hybridized state
carbons in ethyl and methyl groups bonding directly with nitrogen atom.”® For our sample,
the B.E. positions for Cls were found to be shifted in the confined systems (Fig. 7[d & h]).
Both, #1G2 and #1G3 show the change in the BE peaks in confinement as compared with the
earlier reported value (~ 286.5 eV)*™* for Cls of the IL associated with aliphatic chain as
well as rings which appears at 284.4, 285.4, 286.3 and 287.0 eV for #IG2 [Fig. 7d]; and at
284.4, 284.8, 286.2 and 288.6 ¢V for #IG3 [Fig. 7h]. It corresponds to the sp” hybridized
carbons in the hetro-aromatic ring of the imidazolium and sp’ hybridized state carbons in
ethyl and methyl group bonding directly with nitrogen atom.

To further confirm whether B.E. positions related to Ols and Si2p of the pure silica is
changed due to the surface interactions or not, we analysed the deconvoluted detailed scan
XPS spectra of pure silica and IL confined in silica samples (Fig. 8 [a-f]). The deconvoluted
XPS spectra of pure silica [Fig. 8a] for Ols show two B.E. peaks at ~ 532.6 and ~ 532.4 eV
due to oxide of SiOz.60 It has been observed that B.E. positions of elemental Ols shift
towards higher B.E. side by ~ 0.7 eV for both #IG2 and #IG3 as compared to its elemental
value of pure silica ~ 532.6 eV® [Fig. 8a-c]. This may be due to interaction of IL cations and
anions with the Si-O of the silica matrix. The deconvoluted XPS spectra of pure silica for
Si2p show single B.E. peak at ~ 102.9 eV® due to presence of elemental Si [Fig. 8 d], while
silica with confined IL shows two B.E. peaks at ~102.9 and ~103.4 eV for #IG2 and ~101.7
and ~103.3 eV for #IG3 [Fig. 8 ¢ & f]. The earlier one is due to Si element of SiO; and later

one (peak of Si2p towards higher B.E. side) is due to the interaction of IL with the silica pore

11
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wall surface. This hinders the motion of IL in confinement and delayed the crystallization
process as observed by us in isothermal crystallization kinetics studies using DSC.

The observed change in the B.E. positions for all the elements viz. Si2p, Ols, Bls, Nls,
Fls and Cls have been attributed to the surface interactions of confined IL with the silica
nano-pores and results as a change in the energy of the confined IL due to spatial hindrance
offered by silica pore-wall and hence, responsible for delay in crystallization rate upon
confinement. Transient plane source (TPS) measurement is used to further confirm the cause
of delayed crystallization
Transient plane source (TPS) measurement for the thermal transport properties of IL
in confinement
Total time of crystallization of the IL upon confinement could be affected by the thermal
conductivity of the materials because it follows the laws of thermodynamics and has ability to
define heat conduction inside the pure material and during crystallization of IL in
confinement.

We can not ignore the factors which act as barriers to the heat transfer during the process
of crystallization by which total time of crystallization may increase or decrease. The work

of Grady et al.®!

in 2001 shows that thermal conductivity of the material limits the rate of heat
transfer and hence affects the crystallization rates so the role of thermal conductivity of the
synthesized material is important. The values of thermal conductivities for the pure silica,
#IG2 and #IG3 are 0.8, 1.87, 1.76 W.m™.K™' respectively, where as for pure ionic liquid
[EMIM][BE,] it is 0.2 W.m™.K™".%® For pure IL, thermal conductivity value is quite low (~0.2
W.m" K") and also has the less crystallization half time (t;2) ~ 100s. It is notable that,
mixing of two materials with different thermal conductivities (i.e. pure silica and IL)

increases the value of thermal conductivity and correspondingly crystallization half times of

the resulting IGs. This may be due to the effect of thermal conduction; as thermal

12



RSC Advances

conductivity of #1G2 (0.25 mol% of IL) is 1.87 W.m™.K"', correspondingly the crystallization
half time (t12) also increased to ~ 550s and as the amount of IL is further increased in #1G3
(0.35 mol% of IL), thermal conductivity decreased to 1.76 W.m".K', and the value of
crystallization half time (t;,) decreased to ~ 500s. To explain this phenomenon at the
molecular level, it can be considered that silica matrix acts as a sink for the confined system
as it has higher value of thermal conductivity compared to the IL.°" This supports the faster
heat transfer away from the crystal growth during crystallization process in confinement and
hence will take much time in complete crystallization and will make crystallization delayed
while pure IL, due to low value of thermal conductivity, will utilize all absorbed heats to
crystallize its constituent molecules because there are no heat sinks which can draw heat
away from the molecules and will take less time in complete crystallization.

Conclusion

Crystallization kinetics behavior of pure ionic liquid (IL) (1-ethyl-3-methylimidazolium
tetrafluoro borate; EMIMBF,) as well of ionogels (synthesized by non-hydrolytic sol-gel
process) has been studied at few °C above the crystallization onset temperatures.
Crystallization kinetic parameters such as relative crystallinity (o)), crystallization half time
(ti), crystallization rate constant (K) and Avrami exponents (n) were determined by
isothermal techniques using DSC. Crystallization kinetic parameters are found to be
dependent on amount of IL and isothermal temperatures. The isothermal study of the IL and
IGs show that confinement reduces the dimensionality of crystallization of the ionic liquid
from 3 D to 1 D and also slows down the crystallization rate of IL in confinement. The results
of XPS show that BE peaks corresponding to B 1s, N 1s, F 1s and C 1s affected in

confinement due to the hindrance offered by the matrix pore wall.
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crystallization method.

18



RSC Advances

Samples (T (°C) my n, K; (sec™) K, (sec™) t12(s)
tinay(8) tize) (9)
Pure IL  -70 232 242 7.53x10°  6.28x10° 70 94
-2 228 231  823x10°  2.82x10° 73 137
74 204 251  7.88x107 1.25x107 106 227
#1G2 -40 1.09 105  4.53x10*  1.37x10" 208 406
-41 1.03  1.00  2.66x10%  1.18x10° 278 460
-43 1.04  1.05  246x10"  3.66x107 334 619
#1G3 -55 117 1.10  4.07x10*  551x10° 152 307
-57 1.09  1.10  3.78x10*  6.83x10° 225 442
-59 1.06 106  2.75x10* 1.98x10” 316 583

Figure captions

Fig. 1 Isothermal crystallization curves for pure IL and #IGs (darker lines show

experimental isothermal crystallization curves and the two coloured lines, designated
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Fig. 2
Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Figures.

Figure 1

RSC Advances

as Py and P, show deconvoluted peaks).
Heat flow vs. time plots during isothermal crystallization for ILs and #IGs.
The plot of fraction transformed vs. crystallization time for ILs and #IGs.

Complete Avrami plots using an isothermal method for ILs and #1Gs.

Avrami plots at initial stage of crystallization using an isothermal method for ILs

and #1Gs.

Full scan XPS spectra of pure silica, #1G2 and #1G3.

Deconvoluted XPS spectra of (a, ¢) B 1s, (b, f) N 1s, (¢, g) Fls, (d, h) C 1s
respectively for #1G2 and #IG3.

Deconvoluted XPS spectra of (a, b, ¢) Ols, (d, e, f) Si2p respectively for pure silica,

#1G2 and #1G3.
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