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ht into the non-hydrolytic sol–gel
process of tellurite glass films to attain a high
transmission†

Xuanzhao Pan,aef Jiangbo Zhao, *abe Gujie Qian,cd Xiaozhou Zhang,aef

Yinlan Ruan,ae Andrew Abell aef and Heike Ebendorff-Heidepriemae

The development of amorphous films with a wide transmission window and high refractive index is of

growing significance due to the strong demand of integrating functional nanoparticles for the next-

generation hybrid optoelectronic films. High-index TeO2-based glass films made via the sol–gel process

are particularly suitable as their low temperature preparation process promises high compatibility with

a large variety of nanoparticles and substrates that suffer from low thermal stability. However, due to the

lack of in-depth understanding of the mechanisms of the formation of undesired metallic-Te (highly

absorbing species) in the films, the preparation of high-transmission TeO2-based sol–gel films has been

severely hampered. Here, by gaining insight into the mechanistic chemistry of metallic-Te formation at

different stages during the non-hydrolytic sol–gel process, we identify the chemical route to prevent the

generation of metallic-Te in a TeO2-based film. The as-prepared TeO2-based film exhibits a high

transmission that is close to the theoretical limit. This opens up a new avenue for advancing the

performance of hybrid optoelectronic films via incorporating a large variety of unique nanoparticles.
1. Introduction

Over the past decades, advanced hybrid optoelectronic lms
have been widely studied and developed for a broad range of
applications that rely on integrating various functional nano-
particles into an amorphous matrix.1–15 Since the majority of
optoelectronic nanoparticles have high refractive indices, e.g.,
ITO nanoparticles (index ¼ 1.54 (ref. 16)), nanodiamond (index
¼ 2.4 (ref. 17)), nanoruby (index ¼ 1.76 (ref. 18)), and quantum
dots (index > 2.0 (ref. 19)), extensive efforts have been made to
develop (visible) transparent lms with high refractive indices.
Besides attaining the transparency of the lm itself, the reduced
index contrast between the incorporated nanoparticles and the
lms can signicantly suppress the scattering, which in turn
retains the transparency of the hybrid lms but also enhances
the efficiency for light delivery and optical signal collection.20
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Due to the simplicity, cost-effectiveness, compositional
exibility, and compatibility with different nanoparticles,13,14,21

the sol–gel method has been used to prepare inorganic high-
index lms that can exhibit a wide transmission window with
superior chemical resistance and thermal stability, such as
Al2O3 (transmission 0.2–6 mm, index ¼ 1.68),22 TiO2 (trans-
mission 0.45–5 mm, index ¼ 2.41)23 and ZrO2 (transmission
0.38–7 mm, index¼ 2.16).24 However, preparing those lms with
high quality requires the processing at a relatively high
temperature, e.g., >450 �C,25,26 >500 �C,6,9 and >600 �C,27

respectively. This limits the incorporation of NPs and/or use of
substrates that have superior or unique optoelectronic proper-
ties but are subject to low thermal stability. TeO2-based sol–gel
lms present an attractive alternative, since they not only
exhibit high refractive index (nD ¼ 1.999–2.2743, dependent on
glass composition)20,28 as well as high transmission over a wide
spectral range (0.33–5 mm), but more importantly, can be
prepared using a much lower sol–gel processing temperature
(e.g., �300 �C) compared to conventional Al2O3, TiO2 and ZrO2

based lms. This suggests TeO2 lms can be a promising
candidate for the development of hybrid optoelectronic
lms.29,30

The preparation of TeO2-based lms using the conventional
hydrolytic sol–gel (HSG) chemistry suffers from the Te-alkoxide
precursor readily undergoing detrimental hydrolysis instead of
the desired polymerization.31,32 To circumvent this obstacle,
a non-hydrolytic sol–gel (NHSG) chemical route was devel-
oped,29,30 with Na2O and ZnO introduced as network modier30
This journal is © The Royal Society of Chemistry 2020
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View Article Online
and network intermediate,29,33 respectively. Yet hitherto, the
NHSG route has not been developed to a procedure that
completely prevents the formation of metallic-Te and/or oxide
crystals during the preparation of TeO2-based sol–gel glass
lms. This has hampered the tellurite sol–gel glass lms
achieving their theoretical limit in optical transmission span-
ning from the UV to infrared wavelength range.34–38 The unmet
challenge of attaining metallic-Te and crystal free TeO2-based
sol–gel lms is largely ascribed to the lack of in-depth and
comprehensive understanding of how these undesired species
are formed.

Here, we elucidated the mechanisms of forming metallic-Te
during the preparation of TeO2-based glass lms via the NHSG
route, e.g., 80TeO2–10ZnO–10Na2O (TZN) in this work. Using
a series of structural analysis of the products from different sol–
gel steps, we revealed that, in the process of removing organic
groups (OGs) under heat to produce a dense glass, the fractions
of OGs in the xerogels (intermediate product in the sol–gel
process) determine the formation of metallic-Te. Based upon
the insight into the kinetics and thermodynamics of the poly-
merization reactions, we ne-tuned the processing conditions
to suppress the fractions of OGs during xerogel preparation,
which enabled to prevent the formation of metallic-Te in the
TZN glass lms. This in-depth understanding into the chem-
istry of producing TZN glass lm via the NHSG route has
allowed us to produce a high-transmission TZN glass lm,
which shows, to the best of our knowledge, the transmission
closest to the theoretical limit over the visible spectral range.
2. Experimental
2.1. TZN glass lm preparation

The NHSG-based TZN glass lms were prepared via a ve-step
procedure (Fig. 1, and experimental details in ESI and
Fig. S1†), comprising molecular Te-alkoxide preparation, TZN
sol preparation, sol aging to enhance polymerization, sol heat-
ing to obtain dry porous xerogel, and nally xerogel heating to
form inorganic glass lm.

The rst step is the preparation of high purity Te-alkoxide
(Te(O2C3H6)2) via an alcoholization reaction between TeO2

powder and 1,2-propanediol solvent,39–41 catalyzed with p-
toluene sulfonic acid (PTSA). This reaction takes place when
Fig. 1 Schematic illustration of the five-step procedure to prepare de
reaction at 150 �C under reflux with startingmaterials of TeO2, p-toluene
sol prepared viamixing Te-alkoxide, Na-acetate and Zn-acetate in 1,2-pro
at room temperature in a sealed flask for 9–300 days. (4) Porous xeroge
150 �C for 12–72 h. (5) Dense glass film prepared by heating the porous

This journal is © The Royal Society of Chemistry 2020
anhydrous a-TeO2 and PTSA monohydrate are dispersed and
dissolved in 1,2-propanediol at 150 �C (with reux). Details of
the chemical reactions are described in Section 3.2.

The second step is to prepare the TZN sol, which is the
precursor for the subsequent NHSG process. TZN sol is formed
by heating the mixture of Te-alkoxide molecules, Na-acetate and
Zn-acetate in 1,2 propanediol at 80 �C (with reux), followed by
a high-speed centrifugation (14 800 rpm for 15 min) to remove
any impurities. Te-alkoxide, Zn-acetate and Na-acetate are
added in molar ratio of Te : Zn : Na ¼ 80 : 10 : 20.

In the third step, aging the sol at room temperature over
weeks or months in a closed glass vial is conducted to prepare
the so-called aged TZN sol. This relates to the fact that the
polymerization of the TZN sol occurs at room temperature to
a different extent, dependent on the aging duration (details
described in Section 3.3). The sol-aging times of 9 days (F), 60
days (S), 90 days (M) and 300 days (L) were applied, where F,
S, M and L denote fresh-aged, short-aged, medium-aged and
long-aged sol, respectively.

In the fourth step, heating aged sol at temperatures between
80–150 �C for 12–72 h obtains the dry porous xerogel via simul-
taneously evaporating the solvent and facilitating the polymeri-
zation. Two different forms of xerogel samples, dry xerogel
powders and dry xerogel lms, were prepared in this work.

In the nal step, the compact, pore-free, inorganic TZN glass
lms with the nominal molar composition of 80TeO2–10ZnO–
10Na2O are acquired by heating the xerogel lms at the
temperatures of $300 �C for 1 h. The temperature was reached
using a rate of 1 �C min�1 from room temperature.

Table 1 lists the xerogel powders used for thermal analysis
and the xerogel/glass lm samples used for optical trans-
mission measurements, X-ray diffraction (XRD) and scanning
confocal microscope (SCM) analysis. Transparent glass cover-
slips were used as lm substrates for the optical transmission
measurements, while Si wafers were used as substrates for XRD
and SCM measurements.
2.2. Sample characterizations

The transmission spectra of the TZN-based lms on glass
coverslips and an uncoated glass coverslip over the wavelength
from 300 to 800 nm were acquired using a UV-Vis spectropho-
tometer (Cary 5000, Agilent Technologies).
nse TZN glass films. (1) Te-alkoxide synthesized via a catalytic cycle
sulfonic acid monohydrate crystals (PTSA) and 1,2-propanediol. (2) TZN
panediol at 80 �C under reflux. (3) Aged sol prepared via storing the sol
l film made by heating the wet sol film (made via spin coating) at 80–
xerogel films at $300 �C.

RSC Adv., 2020, 10, 2404–2415 | 2405
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Table 1 Summary of the xerogel powders and xerogel/glass film samples prepared via various conditions, including sol-aging time, sol-heating
temperature, and xerogel heating temperature. The sol-aging time is classified into 4 categories: “fresh (F)” 9 days, “short (S)” 30–60 days,
“medium (M)” 90 days and “long (L)” 300 days

Samples
Sample
code Sol aging (days)

Sol heating
(�C-days) Xerogel heating (�C)

Xerogel powder F-80 9 80-3
F-150 9 150-1
S-130 60 130-1
M-80 90 80-3
L-80 300 80-3

Xerogel/glass lm S-130 30 130-0.5
S-130-200 30 130-0.5 and 200-0.5
S-130-300 30 130-0.5 300
S-130-400 30 130-0.5 400
S-130-500 30 130-0.5 500
S-80-300 60 80-0.5 300
S-150-300 60 80-0.5 300

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 8

:0
3:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
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Micro-XRD of the TZN-based lms on Si wafers was
measured using a micro-diffractometer (D/MAX-Rapid II
Microdiffractometer, Rigaku) with a Cobalt Ka radiation
(wavelength 1.7902 Å, accelerating voltage 40 kV, and lament
current 15 mA) at a xed incident angle of 10 degree. The
computer soware 2DP was used to convert original 2D imaging
data (Debye–Scherrer rings) collected from the curved imaging
plate to 1D proles (i.e. intensity vs. 2q), during which, the
diffraction signal of Si is eliminated. Powder-XRD of the TZN-
based powders was measured using a diffractometer (Rigaku
Miniex600) with a copper Ka radiation (wavelength 1.5418 Å,
accelerating voltage 40 kV, lament current 15 mA, and scan-
ning speed 3�min�1). The crystalline phases of both micro-XRD
and powder-XRD analysis were indexed using the ICDD PDF-2
database.

Thermogravimetric and differential scanning calorimetry
(TG-DSC) analysis of TZN xerogel powders were performed over
the range of 30 to 700 �C by a thermal analysis system (TG-DSC 2
STARe, Mettler Toledo). In order to visualize the rate of weight
change across the temperature range under consideration, the
rst derivative of TG data was calculated for differentiate-TG
analysis (DTG). The TG-DSC curves of all powder samples in
an alumina crucible were acquired with a ramping rate of
10 �C min�1 under specic atmosphere, i.e. 20% O2 + 80% N2

and 80% O2 + 20% N2 with ow rate of 3 L min�1, respectively.
The gaseous molecules discharged from heating TZN xero-

gels (30–350 �C) were monitored by simultaneous thermal
analysis (STA) hyphenated Fourier transform infrared spec-
troscopy (vapor-FTIR) (Spectrum 400, PerkinElmer). The vibra-
tional spectra of the gaseous molecules were recorded in the
wavenumber range of 500–4000 cm�1, with a resolution of
2 cm�1. The sample chamber was heated at a ramp rate of
5 �C min�1 and purged with dry air (1.8 L min�1).

Confocal scanning microscope images and uorescence
spectra of TZN-based lms were collected by an in-house built
scanning confocal microscope. The collimated laser beam
532 nm with a power of 2.56 mW was focused onto and scanned
across the lm samples over an area of 200 � 200 mm with
a stepping resolution of 1 mm per step. The uorescence signal
2406 | RSC Adv., 2020, 10, 2404–2415
was delivered to a photon counts detector (SPCM, Excelitas
Technologies) and converted to color images. For the spectra
acquisition, a ip mirror was used to direct the uorescence
signal to a spectrometer (iHR320 spectrometer HORIBA Scien-
tic) with an exposure time of 30 s.

3. Results and discussion
3.1. Impact of sol heating and xerogel heating onmetallic-Te
and tellurite crystal formation

We commenced with using the previously reported processing
conditions;29,30 the S-130-300 TZN glass lm was produced via
spin-coating short-aged sol on a glass coverslip, followed by
heating (in air) at 130 �C for 12 h to form a dry xerogel lm and
then heating at 300 �C for 1 h to obtain a dense glass lm. This
glass lm shows relatively good transmission but a brown color
appearance (Fig. 2a). Based upon previous observations for
other tellurite-based glass lms42 and bulk tellurite glass,43 this
color appearance is attributed to the presence of reduced
tellurium species or metallic-Te.30,35,42

In order to eliminate the undesired color via oxidization of
the metallic-Te in the lm, higher xerogel heating temperatures
of 400 �C and 500 �C were applied. The increased xerogel
heating temperatures successfully eliminated the brown color
but led to white and opaque appearance (Fig. 2a). These visual
characteristics are reected in the transmission spectra
(Fig. 2c). Relative to the spectrum of an uncoated glass cover-
slip, the S-130-300 glass lm exhibits a lower transmission over
the measured wavelength range of 300–800 nm. The low
transmission particularly in the UV-blue spectral range is
associated with the presence of metallic-Te.42 The low trans-
mission at 800 nm suggests that the metallic-Te exhibits scat-
tering that extends into the infrared region. In contrast to the S-
130-300 glass lm, the transmission spectra of the S-130-400
and S-130-500 glass lms show higher UV-blue transmission,
but lower transmission at longer wavelengths >440 nm, which is
consistent with their opaque white appearance.

In agreement with the transmission measurements, micro-
XRD analysis indicates the diffraction peaks of metallic-Te for
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Characterizations of TZN films and xerogel powders. (a) Photographs, (b) optical microscope images, and (c) transmission spectra of TZN
glass films on glass coverslips. (d) Micro-XRD patterns of TZN films on Si wafers, where the narrow diffractions indicate the presence of crystal
phases, while the broad ‘hump’ at �32� reflects the amorphous characteristic. (e) Photographs of xerogel powders made by heating short-aged
sol at 80, 130, 150 and 160 �C.
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the S-130-300 lm but not for the S130-400 and S-130-500
samples (Fig. 2d). The optical micrographs (Fig. 2b) show that
the glass lms processed at higher temperatures of 400 �C and
500 �C contain micron-sized crystals with different morphol-
ogies (mainly platelets at 400 �C and mainly needles at 500 �C),
suggesting the formation of different crystal phases at 400 �C
and 500 �C, respectively. This was conrmed by micro-XRD,
showing the diffraction peaks of ZnTeO3 crystals for S-130-400
and those of Zn2Te3O8 crystals for S-130-500 lms. In addi-
tion, a-TeO2 diffractions were found in both lms.30,34 The
optical microscopy and XRD results are consistent with the
opaque white appearance and overall reduced transmission of
the S-130-400 and S-130-500 lms.

To determine the temperature threshold of formingmetallic-
Te, XRD was used to analyze the xerogel lms S-130 and S-130-
200 (Fig. 2d). It shows that the S-130 lm only exhibits a broad
diffraction ‘hump’, corresponding to an amorphous structure,
whereas the S-130-200 lm gives the characteristic diffraction
peaks of metallic-Te. To determine more precisely the onset
temperature of generating metallic-Te, xerogel powders were
prepared by heating short-aged sol using different temperatures
of 80, 130, 150, 160 �C. These xerogel powders show that only
the 160 �C-processed powder displays the brown appearance of
metallic-Te (Fig. 2e), suggesting formation of metallic-Te
commences around 160 �C. This is consistent with the obser-
vation in producing S-130-200 lm, where heating of the S-130
xerogel lm at 200 �C led to the metallic-Te.

The characterization results of the TZN lm and powder
samples reveal that metallic-Te is formed when heating sol or
This journal is © The Royal Society of Chemistry 2020
xerogel samples at temperatures >150 �C but <350 �C. The
amount of metallic-Te is increased for higher xerogel heating
temperature of 300 �C compared to 200 �C. Further increase of
xerogel heating temperatures to 400 �C and 500 �C induces
oxidation of metallic-Te (formed at lower temperatures) into
crystalline TeO2 and other crystallinity in TZN glass.34 These
results suggest the only pathway of obtaining a high-
transparency colorless TZN glass lm lies in preventing the
formation of metallic-Te prior to or during heating the xerogels
into a dense glass.

For this purpose, the chemistry with respect to metallic-Te
formation at different stages during NHSG synthesis is inves-
tigated in detail in the following sections, with the aim to
identify suitable synthesis conditions to achievemetallic-Te free
TZN glass lms.

3.2. Chemical reactions during preparation of Te-alkoxide
precursor

As shown in Fig. 3a (black arrows), the catalyzed alcoholization
reactions of producing Te-alkoxide molecules begins when the
hydrogen atom (H) of the sulfonic acid group of PTSA is dis-
placed by Te in TeO2 at 150 �C. This forms the intermediate
compound p-toluene sulfonic tellurium (PTS-Te),39–41 followed
by the exchange of the H atom of the hydroxyl groups of 1,2-
propanediol with the Te atom of the intermediate PTS-Te. The
desired Te-alkoxide is obtained and the catalyst PTSA is regen-
erated to participate in another catalytic cycle.39 The resultant
Te-alkoxide dissolved in the solution (Fig. 3a, bottom-middle
photo), was separated from the sediment via hot ltration; the
RSC Adv., 2020, 10, 2404–2415 | 2407
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Fig. 3 Chemical reactions during Te-alkoxide preparation. (a) Catalyzed cyclic alcoholization between TeO2 and 1,2-propanediol generates Te-
alkoxide molecules (black arrows). Hydrolysis of Te-alkoxide by in situ formed H2O results in the formation of undesired amorphous TeO2

hydrolytic gel (red arrows). Under the thermal activation of 150 �C, Te-alkoxide decomposes tometallic-Te and carbonyl compound (R and R0 are
organic groups) (blue arrow). The bottom photos from left to right correspond to the TeO2 hydrolytic gel (formed via enhanced hydrolysis by
adding H2O to Te-alkoxide solution), the as-prepared transparent Te-alkoxide solution, and HCl acid-treated sediment. (b) Powder-XRD of the
collected sediment before (top graph) and after (bottom graph) HCl treatment.
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latter contains white powder with interspersed black particles
(Fig. S4†). The generation of Te-alkoxide Te(O2C3H6)2 (green
framed in Fig. 3a) with a molecular weight of 278 g mol�1

(isotope 130Te) was conrmed by electrospray ionization mass
spectrometry measurement.

In the Te-alkoxide molecule, the Te atom is coordinated with
the four oxygen atoms of the two branched alkoxy groups,
denoted as the intramolecular Te–O bonds. The lone pair of
electrons (LPE) of the Te atom leads to a bipyramidal coordi-
nation geometry for Te and a weak intermolecular bond
between Te-alkoxide molecules, depicted by a dotted line Te/O
(Fig. 3a, bottom-middle molecular structure).30

The white powder and the black particles of the sediment
indicate undesired formation of TeO2 precipitate and metallic-
Te, respectively, due to the side reactions of hydrolysis and
thermal decomposition, which are facilitated by the LPE and
bipyramidal coordination of the Te atom as follows.

During the alcoholization forming Te-alkoxide via liberation
of H and O from PTSA and TeO2, H2O is in situ produced. The
nucleophilic attack of O in H2O to the bipyramidal coordinated
Te in the Te-alkoxide molecule can occur,44 corresponding to
a process known as hydrolysis (Fig. 3a, red arrows). To illustrate
the effect of hydrolysis reaction, a large amount of H2O (much
more than H2O generated in situ) was intentionally added to the
Te-alkoxide solution, resulting in a white TeO2 precipitate
(Fig. 3a, bottom-le). This hydrolysis effect agrees with the
sediment by-product containing white powder.

As a consequence of the LPE weakening effect, the Te–O
bond can be relatively easily broken, particularly under thermal
2408 | RSC Adv., 2020, 10, 2404–2415
activation. This bond cleavage leads to decomposition of Te-
alkoxide molecules into metallic-Te and carbonyl-containing
(C]O) compounds (Fig. 3a, blue arrow). In order to conrm
that the black particles in the sediment are metallic-Te, powder-
XRD measurement of the collected sediment was used.
However, only a-TeO2 diffractions were detected (Fig. 3b, top
graph). Given that TeO2 is soluble in HCl solution but not
metallic-Te, the sediment was processed by HCl to extract
metallic-Te from the large amount of TeO2. As shown in Fig. 3a
(bottom-right photo) and Fig. 3b, the diffractions of HCl-treated
sediment show the metallic-Te peaks, conrming the source of
the black particles in the sediment, which results from the
thermal decomposition. In addition, TeCl4 and a-TeO2 diffrac-
tions were observed (Fig. 3b, bottom graph), which are attrib-
uted to the reaction between TeO2 and HCl, and residual TeO2,
respectively.
3.3. Insight into chemical reactions during sol aging, sol
heating and xerogel heating

3.3.1. Overview of TG-DSC results. The onset temperature
of forming metallic-Te during the preparation of sol and xerogel
was determined to be �160 �C (Fig. 2e). Transforming OG-
containing xerogel into OG-free (inorganic) glass requires
heating temperatures $300 �C, which is markedly higher than
the threshold temperature of metallic-Te formation (�160 �C).
In order to identify how to avoid metallic-Te formation despite
using xerogel heating temperature above the onset temperature,
we investigated the impact of preparation conditions sol aging,
sol heating and xerogel heating on the extent of metallic-Te
This journal is © The Royal Society of Chemistry 2020
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formation, by using TG-DSC measurements on a series of TZN
xerogel powders. To this end, F/M/L-80 samples were prepared
at low sol-heating temperature of 80 �C, using different sol
aging time (9, 60, 300 days). F-150 sample was prepared at high
sol heating temperature of 150 �C with 9 days sol aging. In
addition, S-130 sample was prepared using the same sol heating
temperature (130 �C) and sol aging time (60 days) as for the S-
130 xerogel lm described in Section 3.1 (Fig. 2a).

The TG-DTG-DSC curves of all xerogel powders can be clas-
sied into ve different regions (I–V) as shown in Fig. 4:

I: 30 to 100 �C: the residual solvent evaporation leads to
small TG weight loss of 1–4% for various xerogel powders.

II: 100 to �250 �C: the liberation of OGs via an endothermic
reaction results in varying weight loss, corresponding to the
DTG peak with an endothermic DSC dip.

III: �250 to 300 �C: the weight loss relevant to the liberation
of OGs via an exothermic reaction appears in this region, indi-
cated by the DTG peak in accompany with an exothermic DSC
peak. This observation is opposite to the endothermic libera-
tion of OGs in region II.

IV: 300 to �500 �C: negligible weight loss is observed for all
xerogel samples heated at temperatures >300 �C, indicating the
Fig. 4 TG-DTG-DSC analysis of various xerogel powders under gas flow
figure), or 80% O2/20% N2 (referred to as O2 in the name panel of the su
temperature) for the xerogel samples are given in the name panel above
DSC curves correspond to the DTG and DSC dips/peaks in regions of II
bottom panel of each graph represent wt% of weight loss in regions II an
The short black vertical arrows pointing at the endothermic dip of 446–4
Te. The ratios of weight loss in region III over region II are 0.0, 0.3, 0.8,

This journal is © The Royal Society of Chemistry 2020
OGs are completely removed. The pronounced narrow endo-
thermic DSC dip at 443–449 �C is ascribed to the melting of
metallic-Te in accordance with the melting temperature of bulk
tellurium (449 �C).45 This suggests metallic-Te is formed in S/M-
80, S-130 and F-150 samples. The absence of the metallic-Te
peak in the F-80 sample is related to the evaporation of Te-
alkoxide prior to forming metallic-Te (detailed explanation in
the ESI†). The exothermic DSC peaks at �360, �400 and
�460 �C are attributed to the formation of TeO2, ZnTeO3 and
Zn2Te3O8 crystals as identied in tellurite glass (Fig. S5†)46–48

and in S-130-400 and S-130-500 glass lms (Fig. 2d).
V: >500 �C: further increase of the heating temperature melts

the crystals formed in the region IV and the glass lm itself,
corresponding to the broad endothermic dip with negligible
weight loss.

In regions II and III, the different xerogel samples show
profound differences of weight losses, as indicated in the
caption of Fig. 4. With increasing sol aging time, the ratio of
weight loss in region III is enhanced relative to region II, e.g.,
from 9 to 300 days, the ratio increases from 0.2 to 0.8. The ratio
is particularly large with a value of 8 for the sol heated at 150 �C.
In addition, with increasing sol aging time, the total weight loss
of 20% O2/80% N2 (referred to as air in the name panel of each sub-
b-figure). Other preparation conditions (sol aging time and sol heating
each sub-figure. The temperatures listed in the graphs of the DTG and
and III, respectively. The numbers above the horizontal arrows at the
d III, respectively, normalized to total weight loss in these two regions.
49 �C at the top panel of DSC curves assign to the melting of metallic-
8.0 and 0.2 for F-80, M-80, L-80, F-150, S-130, respectively.
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over 100–300 �C in regions II and III decreases (from 77% for 9
days to 18% for 300 days). Surprisingly, the use of 150 �C sol
heating temperature leads to a particularly low weight loss (9%).
Given that the weight loss during xerogel heating (in regions II
and III) originates from the liberation of OGs, these results
suggest that OG liberation is highly dependent on the condi-
tions of preparing xerogel, including sol aging and sol heating.

For the xerogel powder samples (S/M-80, S-130 and F-150)
and the xerogel lm samples (S-130-200 and S-130-300), both
the metallic-Te formation and OG liberation coincide in the
same temperature range of 160–300 �C. This strongly implies
that the liberated OGs reduce Te(IV) into Te(0), i.e., the forma-
tion of metallic-Te.30 Therefore, the decisive factor in deter-
mining the formation of metallic-Te is closely related to the
conditions used to prepare the xerogel samples. To elucidate
this interrelation, we studied how these conditions affect the
polymerization reactions and in which way they govern the
amount of OGs in the xerogel.

3.3.2. Polymerization reactions forming the xerogel
network. The polymerization process of addition reaction (so-
called addition polymerization) has been demonstrated to
generate a xerogel network via binding the Te-alkoxide
precursor molecules.30 Initially, the Te–O bond weakened by
LPE would be subject to heterolytic cleavage of Te–O and C–O
bonds (in different Te-alkoxide precursor molecules, as shown
in the grey box in Fig. 5). New covalent C–O–C bonds are
subsequently formed between these disrupted molecules, and
weak intermolecular Te/O–Te bonds are transformed to strong
intramolecular Te–O–Te bond. In this process, an O–R–O group
with R ¼ CH(CH3)–CH2 (hereaer referred to as cyclic group) is
Fig. 5 Schematic illustration of the chemical formulae of the reaction
molecules are used as a precursor to produce a ring-shaped molecu
a decomposition reaction, or sequential condensation and combustion r
shaded boxes show the respective bond forming mechanisms: addition
bond cleavages within Te-alkoxide molecules, and condensation polym

2410 | RSC Adv., 2020, 10, 2404–2415
disrupted and transformed into a short –O– bridge (hereaer
referred to as oxo bridge) and a long –O–R–O–R–O– bridge
(hereaer referred to as alkoxy bridge).

For our TZN sol composition with molar ratio of 80 Te-
alkoxide : 10 Zn-acetate : 20 Na-acetate, the complete removal of
all OGs, i.e. the liberation of C6H12O4 from Te(O2C3H6)2, and
C4H6O4 from Zn(C2H3O2)2 and (NaC2H3O2)2, corresponds to
a theoretical weight loss of 44 wt%. Intriguingly, the experimental
weight losses in regions II and III for the xerogel samples of M/L-
80, S-130 and F-150 are within 9–28 wt% (Fig. 4), all of which are
considerably lower than the theoretical weight loss. Since the
liberation of OGs is completed at the upper bound temperature
of region III (300 �C), the weight loss discrepancy between the
experimental observation and theoretical expectation can only
result from the liberation of OGs prior to the TG-DSC analysis. In
other words, a part the of OGs is already liberated during sol
aging and sol heating before xerogel heating.

The liberation of OGs during xerogel preparation suggests
that the condensation polymerization, which is accompanied
with elimination of OGs, is involved in forming the xerogel
network, rather than only the addition polymerization as
proposed in ref. 30. This agrees with the fact that the conden-
sation reaction is the leading polymerizationmechanism in sol–
gel chemistry.49 As the addition reaction involves C–O and Te–O
bond cleavages within cyclic groups of different Te-alkoxide
molecules (grey box in Fig. 5), we propose that the condensa-
tion reaction occurs concurrently within the same alkoxy bridge
via C–O and Te–O bond cleavages (light-yellow box in Fig. 5),
leading to new oxo bridges between Te atoms through the
release of small OGs.
s towards forming dense TZN glass. The weakly linked Te-alkoxide
le via addition reaction. The ring-shaped molecules undergo either
eactions to generate an inorganic glass network. The schematics in the
polymerization reaction (grey box) initialized by the Te–O and C–O

erization reaction (light-yellow box) within alkoxy bridges.

This journal is © The Royal Society of Chemistry 2020
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Given that the condensation reaction is based on bond
cleavages within alkoxy bridges that are formed via addition
reaction, the condensation reaction can only proceed with the
occurrence of the addition reaction. This agrees with the previous
report that the condensation reaction in NHSG systems is cata-
lyzed by their own reaction products.49 Accordingly, we identify
that both polymerization reactions contribute to the resultant
xerogel network to different extents, depending on the sol aging
time and sol heating temperature used to prepare the xerogel.

In conclusion, the evolution of the xerogel network
commences with the addition reaction, leading to the forma-
tion of alkoxy bridges, which allows the condensation reaction
to occur concurrently. Both polymerization processes
contribute to the formation of the resultant xerogel network to
different extents depending on the sol aging time and sol
heating temperature employed to prepare the xerogel. To reveal
the impact of the extent of the polymerization reactions on the
thermal behavior of a xerogel, we developed the following
structural model of [TeO4] polyhedra in the xerogel network.

3.3.3. Structural model of the xerogel network. Analogous
to the structural units of TeO2 crystals and TeO2-based glasses,
the basic unit of Te-alkoxide is a trigonal bipyramidal [TeO4]
polyhedron with the oxygen atoms at four corners.50 These
bipyramidal [TeO4] polyhedra can be connected either via oxo
bridges (i.e. two adjacent polyhedra share a corner, as in crys-
talline and amorphous TeO2)50 or via alkoxy bridges (i.e. two
adjacent polyhedra share an alkoxy bridge) in the xerogel
network. This exibility leads to various types of polyhedral
[TeO4] to constitute the xerogel network, as depicted in Fig. 6:

� ‘P’ polyhedra (precursor molecules): they refer to [TeO4]
polyhedra only consisting of cyclic groups. They are dispersed
individually without forming oxo or alkoxy bridges with adja-
cent polyhedra. ‘P’ polyhedra are found in a low-degree poly-
merized xerogel network.
Fig. 6 Schematic illustration of the 4 types of [TeO4] polyhedra constituti
‘Ao’ polyhedron: ; and ‘O’ polyhedron: . The deep-color square
and the light-color regions specify the atoms belonging to a [TeO4] poly
designate the weight ratios of the different types of polyhedra in the xer

This journal is © The Royal Society of Chemistry 2020
� ‘O’ polyhedra: these are formed via condensation reaction
that liberates OGs, leading to the formation of oxo bridges.
Therefore, alkoxy bridges are absent in ‘O’ polyhedra.

� ‘A’ polyhedra: these are formed via addition reaction that
forms at least one alkoxy bridge. An ‘A’ polyhedron exhibits
either (1) one cyclic group, one oxo bridge and one alkoxy
bridge, or (2) two oxo and two alkoxy bridges. The presence of
alkoxy bridges makes ‘A’ polyhedra the source of liberating OGs
upon heating. The bond rearrangements (bond cleavages and
bond formation) during OG liberation result in two types of ‘A’
polyhedra that differ by the presence or absence of alkoxy
bridges in their second and third nearest neighborhood, as
illustrated in Fig. 6. Specically,

- ‘Aa’ polyhedra: they are surrounded by other ‘A’ polyhedra
via alkoxy bridges, i.e. they are embedded in a network with
many alkoxy bridges and cyclic groups.

- ‘Ao’ polyhedra: they are surrounded by ‘O’ polyhedra.
The short oxo and long alkoxy bridges exhibit different

conformational mobility, which leads to high and low steric
hindrance of the polyhedra network, respectively. As the poly-
hedra differ in their types of bridges (and thus in their confor-
mational mobility), the four types of polyhedra cause different
liberation rates of OGs, i.e., different thermal behaviors upon
heating (Fig. S6†):

� ‘P’ polyhedra are essentially precursor molecules and thus are
expected to show the same thermal behavior as Te-alkoxide crystals
(Fig. S7†), namely melting at �105 �C and evaporation at higher
temperatures#250 �C. This leads to large weight loss in region II.

� ‘Aa’ polyhedra are connected via alkoxy-bridges with high
conformational mobility. Thus, they liberate their OGs via
endothermic decomposition, resulting in weight loss in the low
temperature range of region II.

� ‘Ao’ polyhedra are surrounded by polyhedra with low
conformational mobility. Therefore, they require the surplus
ng the xerogel network: ‘P’ polyhedron: ; ‘Aa’ polyhedron: ;
d frames of the molecular structures designate the [TeO4] polyhedron,
hedron in terms of respective weight ratio. The horizontal colored bars
ogels prepared using different times and temperatures.

RSC Adv., 2020, 10, 2404–2415 | 2411
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Fig. 7 Optical and structural characterizations of TZN glass films prepared under different temperatures and atmospheres in the course of sol
heating and xerogel heating. (a) Photographs and (b) experimental transmission spectra of various xerogel samples. (c) Theoretical transmission
spectrum of 75TeO2–15ZnO–10Na2O glass20 on D 263™ T coverslip, relative to the measured transmission spectrum of S-150-300/O2. (d)
Confocal microscope images, and (e) fluorescence spectra of TZN glass films on glass coverslips. The fluorescence spectra were taken from
arbitrary spots of the films and normalized to the excitation power of 532 nm (2.56 mW for all measurements). (f) Micro-XRD patterns of TZN films
on Si wafers, showing the characteristic diffractions of metallic-Te and the amorphous structure with a broad ‘hump’ at �32�.
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energy of exothermic combustion to liberate OGs, leading to
weight loss in the high temperature range region III.

� ‘O’ polyhedra do not have alkoxy bridges and thus do not
show OG liberation. They constitute the weight remains at the
end temperature of region III.

3.3.4. Interrelation of sol aging time and heating temper-
ature on OGs content in xerogel samples. The characteristic
thermal behavior of each type of [TeO4] polyhedron allows us to
determine their weight fractions in the respective xerogel
samples (detailed explanation and calculation given in the ESI
associated with Fig. S6†).

The F-80 xerogel consists of ‘Aa’ polyhedra (41 wt%) and ‘P’
polyhedra (59 wt%). The large portion of ‘P’ polyhedra
suggests that only a portion of the precursor molecules is
involved in polymerization due to the short sol aging time (e.g.,
9 days) and the low sol heating temperature (e.g., 80 �C over 3
days). The absence of ‘Ao’ and ‘O’ polyhedra indicates that the
condensation reaction does not proceed to a considerable
extent during the short sol aging time and at the low sol
heating temperature. The evaporation of ‘P’ polyhedra during
heating of F-80 xerogel causes large weight loss (Te-alkoxide
precursor begins to evaporate at 100 �C, Fig. S7†), suggesting
the F-80 xerogel is not an appropriate option to prepare a glass
lm.
2412 | RSC Adv., 2020, 10, 2404–2415
For the M-80 and L-80 xerogel samples, the fractions of ‘Ao’
and ‘O’ polyhedra increases with sol aging time. This indicates
that condensation reaction occurs progressively as a function of
sol aging time, which consequently increases the fractions of
‘Ao’ and ‘O’ polyhedra, leading to a reduced amount of OGs that
is liberated during xerogel heating.

Compared to S-130, M-80 contains a lower amount of ‘Aa’
polyhedra but higher amounts of ‘Ao’ and ‘O’ polyhedra (Fig. 6).
Since the condensation reaction is facilitated with prolonged
aging time, this result indicates that the longer sol aging time
(90 days for M-80 versus 60 days for S-130) considerably
increases the formation of ‘Ao’ and ‘O’ polyhedra.

Despite the short aging time of only 9 days, F-150 shows
a network mainly composed of ‘O’ and ‘Ao’ polyhedra with
minor portions of ‘Aa’ polyhedra (Fig. 6). This result indicates
that, due to thermally enhanced bond cleavage and re-
arrangement, 150 �C sol heating temperature particularly
facilitates the condensation reaction.

The different portions of [TeO4] polyhedra in F-80 and F-150
xerogel samples account for their different behavior in the
liberation of OGs. Due to the evaporation of ‘P’ polyhedra and
decomposition of ‘Aa’ polyhedra F-80 shows only a DTG peak in
region II, while due to combustion of ‘Ao’ polyhedra, F-150
presents almost only a DTG peak in region III. To shed more
This journal is © The Royal Society of Chemistry 2020
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light on the liberation of OGs via decomposition and combus-
tion in different temperature regions, these two samples with
contrasting thermal behavior were analyzed by vapor-FTIR
spectroscopy.

Fig. S8† displays the temperature dependence of the FTIR
bands for the vibrational bonds O–H (stretching: 3400 to
3700 cm�1), C]O (stretching: 1700 to 1830 cm�1),51,52 C–H
(stretching: 2800 to 2931 cm�1, bending: 1300 to 1400 cm�1),53,54

C–O (stretching: 917 to 1226 cm�1),55 and Te–O (stretching: 600
to 660 cm�1 in [TeO4] polyhedron).56 The F-80 sample shows
released compounds with Te–O and C–H bonds as well as an
increased amount of compounds with C–O and C]O bonds in
the range of 180–210 �C. This agrees with the TG-DSC results,
showing precursor evaporation and alkoxy bridge decomposi-
tion starting at >100 �C, peaking at 219 �C and nishing at
230 �C. No enhanced amount of CO2 was found in the gaseous
release from the F-80 sample. By contrast, the F-150 sample
shows no C–H, C–O and C]O groups but release of vapor
containing CO2 which appears at 220 �C and reaches highest
amount at 300 �C. The release of CO2 due to combustion is in
good agreement with the TG-DSC result of F-150 sample, which
shows combustion commencing at 250 �C, peaking at 269 �C
and nishing at 300 �C. The absence of Te–O bonds in the
vapor-FTIR of F-150 sample indicates a lack of precursor evap-
oration, which is consistent with the TG-DSC result and
ascribed to the high degree of polymerization.

It is also worth noting that with increasing ‘Ao’ and ‘O’
polyhedra content, the peak temperature of the decomposition
increases while the peak temperature for combustion slightly
decreases (Fig. S9†). The increased ‘Ao’ and ‘O’ contents are
accompanied with enhanced steric hindrance and reduced
amount of OGs. A higher steric hindrance hampers the
decomposition, thus requiring higher thermal activation. The
lower amount of OGs is likely to facilitate the combustion,
leading to reduced combustion temperature. These results
consolidate the correlation of the decomposition and combus-
tion with the steric hindrance imposed by oxo bridges around
alkoxy bridges.

In summary, the high sol heating temperature of 150 �C was
found to have a remarkable impact. Compared to both S-130
and L-80, F-150 has a higher amount of ‘O’ polyhedra despite
the short sol aging time of 9 days relative to 30 days for S-130
and even 300 days for L-80. This indicates that the effect of
temperature increase from 80 or 130 to 150 �C counterbalances
the effect of sol aging time decrease from 300 or 30 to 9 days.
The highest amount of ‘O’ polyhedra for F-150 of all xerogel
samples suggests that its xerogel network is mainly formed via
condensation. As a result, a large amount of OGs is liberated
during xerogel preparation and only a small residual amount of
OGs is released during xerogel heating. This is benecial to
suppress the formation of metallic-Te.

3.3.5. Suppressing metallic-Te formation by the provision
of O2. For the xerogel samples heated under dry air, the endo-
thermic DSC peak at �449 �C corresponds to the melting of
metallic-Te. This suggests that even the lowest amount of OGs
in the F-150 xerogel causes the formation of metallic-Te when
heated in air. Therefore, in order to suppress the metallic-Te
This journal is © The Royal Society of Chemistry 2020
formation, the liberated OGs need to be oxidized prior to
their involvement in reducing Te(IV). For this purpose, the
impact of O2 during xerogel heating was investigated via TG-
DSC measurement of the S-130 xerogel sample (containing
a medium amount of OGs of all investigated xerogel samples).
This TG-DSC analysis was carried out under O2-rich atmosphere
(80% O2 and 20% N2) compared to dry air (20% O2 and 80% N2).
The purging of O2-rich atmosphere during xerogel heating
eliminated the melting peak of metallic-Te (449 �C) (Fig. 4e
versus 4f), which proves that the provision of O2 facilitates the
oxidization of the liberated OGs and thus has the potential to
prevent metallic-Te formation.
3.4. Optimal chemical route to synthesize metallic-Te free
TZN glass lm

The insights into formation, evolution and thermal behavior of
different types of [TeO4] polyhedra in xerogel samples demon-
strated that the appropriate choice of sol aging time, sol heating
temperature, and O2 atmosphere is critical. To identify the
optimal synthesis conditions for transparent TZN glass lms,
conditions that enable complete transformation of precursor
molecules into a xerogel network and nally a dense OG-free
and crystal-free glass structure were selected. Specically,
short sol aging time (20–80 days), low and high sol heating
temperatures (80 �C and 150 �C), and xerogel heating temper-
ature (300 �C) were investigated (S-80-300 and S-150-300
samples). In addition, impact of dry O2 ow compared to
ambient air atmosphere was explored. It is worthwhile to note
that dry O2 ow was used during both the sol heating and the
xerogel heating processes. O2 ow during sol heating allows
diffusion of excess O2 into the xerogel lms, which is then
available to react with the liberated OGs in the subsequent
xerogel heating process. O2 ow during xerogel heating is con-
ducted to suppress the out-diffusion of O2 from xerogel lms.

To quantitatively analyze the content of metallic-Te in the glass
lms, optical micrograph, UV-Vis transmission spectroscopy,
confocal microscopy and uorescence spectroscopy were utilized.

For both air and O2 atmosphere, the S-150-300 samples
exhibit lower intensities of the characteristic metallic-Te prop-
erties (brown color, reduced UV-Vis transmission and presence
of uorescence) than the S-80-300 samples (Fig. 7). The higher
sol heating temperature of S-150-300 enhances the condensa-
tion reaction, which decreases the amount of OGs and thus
suppresses the metallic-Te formation.

For the glass lms prepared at the same sol heating
temperature, the use of O2 owmarkedly reduces the intensities
of the characteristic metallic-Te properties (Fig. 7). However, for
the S-80-300/O2 sample, light brown color, and slightly reduced
UV-Vis transmission and pronounced uorescence were still
observed. This indicates that inhibiting the metallic-Te forma-
tion cannot only rely on the use of O2, but must be used in
combination with suitable sol aging time and sol heating
temperature.

The S-150-300/O2 lm shows the absence of the character-
istic metallic-Te properties, as well as the omission of the
characteristic diffractions of metallic-Te. As a result, the S-150-
RSC Adv., 2020, 10, 2404–2415 | 2413
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300/O2 lm shows a transmission that is closest to the theo-
retical transmission limit given by the Fresnel reection for
a TZN lm on a coverslip and the UV edge of the coverslip
(Fig. 7c, calculation of the theoretical transmission limit
provided in ESI†).20 Specically, the transmission is within 10%
of the theoretical limit for wavelengths <700 nm and at the
theoretical limit for wavelengths >700 nm. The lower trans-
mission between 350–700 nm is attributed to the Rayleigh
scattering effect of the lm surface roughness.
4. Conclusions

We have elucidated the mechanisms of forming metallic-Te
during the different steps of the NHSG route. We unraveled
that the use of O2 during the lm preparation is not sufficient to
completely prevent the metallic-Te formation, since the amount
of OGs in the xerogel lms plays a decisive role in determining
the formation of metallic-Te during the subsequent heating to
form a dense glass lm. Therefore, the use of O2 need to be
combined with appropriate choice of sol aging time and sol
heating temperature to minimize the amount of OGs in the
xerogel lms.

This in-depth understanding allowed us to develop
a synthesis protocol to produce metallic-Te free TZN lms.
Firstly, we applied sol aging at room temperature for 30–60
days, which allowed all precursor molecules to undergo poly-
merization via addition and condensation reactions. Secondly,
we used sol heating temperature at 150 �C to accelerate the
condensation reaction, which leads to the highest ‘O’ polyhedra
content and the lowest OGs fractions of all xerogel samples
investigated. Thirdly, we constantly purged O2 during both the
sol heating at 150 �C and the xerogel heating at 300 �C, so that
the liberated OGs react with the O2 to form volatile gases rather
than with Te(IV) to generate metallic-Te.

The absence of metallic-Te in the TZN lm synthesized
using these optimal conditions led to a high optical trans-
mission over the whole intrinsic transmission window of tel-
lurite glass, i.e. from the UV to the infrared range. To the best
of our knowledge, this is the highest transmission achieved for
a tellurite sol–gel glass lms relative to the theoretical limit.
Reducing the surface roughness of the lms is expected to
minimize the scattering-induced transmission loss in the
visible spectral range. The preparation of high-transmission
TeO2-based sol–gel glass lms paves the way to develop
hybrid optoelectronic lms by incorporating diverse nano-
particles with unique functionalities.
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