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Abstract

A comparative study on thermal stability of hybrid (organic / inorganic) electrolytes for dye-sensitized solar cells (DSSCs) in 

various ethylene oxide oligomers / silica based gelly matrices, containing also some efficiency-promoter additives is presented. 

Using thermogravimetry combined with two evolved gas analytical (EGA-FTIR and EGA-MS) techniques, the released gases and volatile 

decomposition products from the composite electrolytes during dynamic heating programs have been identified and monitored. 

First methanol (arising from condensation of tetramethoxysilane, TMOS) and acetonitrile (solvent) are evolved followed by elongated 

release of 4-tert-butylpyridine, than carbonyl sulfide, which is one of the degradation products of guanidinium thiocyanate, and 

various alkyl iodides, as well as iodine, later various oxidized species with >C=O groups (arising from oxidative degradation of 

oligo(ethylene glycolic) parts, ammonia (originated from guanidine) have been observed and traced during the accelerated heating 

tests, before final burning out of the organic residue with CO2 evolution. Thermal behavior of pure guanidinium thiocyanate, one of 

the most important additives improving thermal stability of Grätzel type solar cells (DSSCs), combined with identification of its eight 

gaseous decomposition products and their release pattern is also reported.
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1 Introduction
The family of dye-sensitized solar cells (DSSCs) is one of 
the most promising low cost alternative for the effective 
conversion of light energy into electrical energy [1].

The components of a DSSC are in most cases the fol-
lowing: a nanocrystalline TiO2 film deposited on a trans-
parent conductive electrode, a complex ruthenium-dye 
adsorbed on TiO2 nanocrystallites, an electrolyte bearing 
the I- / I3

- or other redox couple and a platinized counter 
electrode [2-5]. There are some concerns about the long 
term stability of such devices due to accidental leakage of 
the electrolyte as well as poor stability and durability of 
liquid electrolytes. In order to overcome these problems 
several alternatives have been proposed to replace liquid 
electrolytes with more solid ones [6-9].

One of the suggested alternative solutions to obtain a 
more solid state electrolyte is to introduce gelifiers into 
the electrolyte, thus making so-called quasi-solid-state 
DSSCs [10-12]. These quasi-solid cells have only slightly 
lower efficiency than liquid cells, mainly due to lower 
ionic conductivity, but their efficiency is still satisfying 
and the stability of the cells is improved. One of the ways 
to make gel electrolyte, which also the subject of the pres-
ent work, is to produce a silica-based sol-gel containing 
an I- / I3

- redox couple [13]. The advantages of these sol-gel 
electrolytes are the following: these cells are practically 
solid devices, the silica backbones do not prevent electri-
cal conduction, and the sol itself acting as a glue between 
the two electrodes, what facilitates the cell fabrication, 
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meanwhile the ionic conductivity is ensured by the redox 
components dissolved in an highly polar organic liquid 
subphase of the gel  [14]. E.g. polyethylene oxides have 
been found one of the most efficient subphase for this 
purpose [15], or they can be replaced by a combination 
of urea cross-linked polyether-siloxane hybrid materials 
(ureasils) [16], which we used as gelator in our previous 
work [17-19]. If polyether chains are covalently connected 
to silicon atoms originating from e.g. TMOS (tetrame-
thoxysilane), the use of these polyether spacers is improv-
ing the diffusion of ions of the I- / I3

- redox couple, espe-
cially by coordinating the lithium ion of the electrolyte, 
improving the I− conductivity what can improve the cell 
efficiency [20, 21].

To further improve the performance of the DSSC, sev-
eral kinds of additives can be added to the system, such as 
ionic liquids, (e.g. MPII, 1-methyl-3-propylimidazolium 
iodide), less volatile polar solvents (e.g. 3-methoxy-propi-
onitrile), 4-tertbutylpiridine and guanidinium thiocyanate 
(GuSCN) [22-24]. The effect of GuSCN on the photovol-
taic performance of the DSSC was first reported by Grätzel 
and co-workers [22, 25], and it seems to improve the pho-
tocurrent density values of solar cell, especially in case of 
co-adsorption with dyes [22] and has a very important role 
improving the thermal stability of the DSSC cell by min-
imizing the efficiency loss during thermal aging [26, 27].

The results of thermal aging studies show that the effi-
ciency loss mostly depends on the composition of the 
electrolyte, the particular dye and the fabrication pro-
cedure  [27]. In this work, we present comparative stud-
ies concerning thermal stability of hybrid electrolytes 

based on various polyethylene oxide oligomers  /  silica 
mixtures and also a thermal behavior study of the guani-
dinium thiocyanate, one of the most important additives 
improving cell efficiency and thermal stability by inhib-
iting thiocyanate ligand exchange of the dye what would 
cause degradation [24, 26, 27]. Thermogravimetry com-
bined with gas analytical (MS and FTIR spectroscopic) 
techniques are performed to evaluate the escape / release 
tendency of volatile solvents, additives components leav-
ing from the quasi solid electrolytes' matrices, as well as 
from pure guanidinium thiocyanate additive on various 
degradation pathways.

2 Experimental
2.1 Components and Materials (Scheme 1)
Lithium iodide (LiI, 98  %), iodine (I2, reagent grade), 
1-methyl-3-propylimidazolium iodide (MPII, 98 %), guan-
idinium thiocyanate (Gu-SCN, 97  %), 4-tert-butylpyr-
idine (TBP, 96  %), tetramethoxysilane (TMOS, 99  %), 
poly(ethylene glycol) 200 (PEG 200) and all solvents were 
purchased from Sigma-Aldrich and used as received. 
Triton X-100 (4-(1,1,3,3-tetramethylbutyl)phenyl-poly-
ethylene glycol) surfactant (99.8  %, Fisher Scientific), 
N719 ( di-tetrabutylammonium cis-bis(isothiocyanato)
bis(2,2'-bipyridyl-4,4'-dicarboxylato) ruthenium (II) ) was 
purchased from Solaronix S.A, Switzerland.

2.2 Sample preparation and composition
Composite electrolytes consisting of independent organic 
(Triton X-100 or PEG 200) –inorganic (TMOS) subphase 
were prepared. The composition of the first electrolyte 

Scheme 1 Structural formula of a commonly used dye (N719) and some starting constituents of the electrolyte samples.
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abbreviated as S1 (0.85 M TMOS / 0.29 M Triton X - 100) 
is as follows: 0.85 M tetramethoxysilane (TMOS), 4 drops 
hydrochloric acid (HCl), 0.29 M Triton X-100, 0.5 M lith-
ium iodide (LiI), 0.07M iodine (I2), 0.5 M 4-tert-butylpyr-
idine (TBP), 0.2 M 1-methyl-3-propylimidazolium iodide 
(MPII) and 0.1 M guanidinium thiocyanate diluted in 
acetonitrile (AcN). A second electrolyte (abbreviated as 
S2 (0.47 M TMOS / 0.6 M PEG 200)) consisted of 0.47 M 
TMOS, 3 drops HCl (catalytic amount), 0.6 M poly(ethylene 
glycol) 200 (PEG 200), 0.5 M LiI, 0.07 M I2, 0.5 M TBP, 
0.2 M MPII and 0.1 M guanidinium thiocyanate diluted in 
acetonitrile was also prepared. Moreover, the third sample 
S3 (0.31 M TMOS / 0.6 M PEG 200) consisted of 0.31 M 
TMOS, 2 drops HCl diluted in acetonitrile. Then  0.6 M 
poly(ethylene glycol) 200 (PEG 200), 0.5 M LiI, 0.07 M I2, 
0.5 M TBP, 0.2 M MPII, and 0.1 M guanidinium thiocya-
nate were added with the as-mentioned row, whose overall 
composition is demonstrated in Table 1.

2.3 In situ evolved gas analysis (EGA) by TG-FTIR 
A TGA 2050 Thermogravimetric Analyzer 
(TA Instruments, USA) with a heating rate of 10 °C min-1, 
with air flow rate of 120 mL min-1 (and an extra 10 mL min-1 
air as a balance purge), and sample size of 13 - 31 mg in 
open Pt crucible were used. Gaseous species evolved from 
the sample were led into FTIR-gas cell of the BioRad 
TGA / IR Accessory Unit equipped with Peltier-cooled 
DTGS detector through a heated stainless steel transfer 
line (l = 90  cm, din = 2 mm) kept at T = 180 °C. FTIR 
spectra (500 - 4000 cm-1) were collected in every 30 s after 
accumulation of 29 interferograms by a BioRad Excalibur 
Series FTS 3000 spectrometer using Win IR Pro 2.7 FTIR 
(BioRad) data collection and evaluation software.

2.4 In situ EGA by coupled TG / DTA - MS 
A simultaneous TG / DTA apparatus (STD 2960 
Simultaneous DTA - TGA, TA Instruments Inc.,  USA), 
a  heating rate of 10 °C min-1, an air flow rate of 
130  mL  min- 1, sample sizes between 6 and 13 mg, in 
open Pt crucible were applied. The  mixture of gas-
eous species could reach the ThermoStar GDS 200 
(Balzers  Instruments) quadrupole mass spectrometer 
equipped with Chaneltron detector, through a heated 
100  % methyl deactivated fused silica capillary tubing 
kept at T = 200 °C. Data collection was carried out with 
QuadStar 422v7.02 software in scanning (SCAN) mode 
in the range of m/z = 1 - 300 (0.2 s/channel, cycle time is 
ca. 60 s) and also in Multiple Ion Detection (MID) mode 
monitoring only 64  selected channels based on changes 
observed in scanning mode. Measuring time was ca. 0.5 s 
for one channel, resulting in time of measuring of each 
MID cycle in ca. 38 s.

2.5 Identification and evolution rate curves of 
gaseous species
Identification of the various released volatile compo-
nents have been carried out based on reference IR and MS 
spectra of vapors and gases available mainly from NIST 
Chemistry Webbook [28] (basically EPA Vapor Phase 
Library) and vapor references collected in [33].

Evolution curves (release rate curves) of volatile com-
ponents (solvent vapors and any gaseous decomposition 
products) have been constructed by plotting baseline 
corrected peak heights (absorbance) or area (integrated 
absorbance) of characteristic absorption bands and ion 
current of characteristic m/z ions versus sample tem-
perature in case of FT - IR and MS measurements, 
respectively. The  appropriate characteristic bands and 
mass / charge (m/z) values were chosen carefully, in order 
to avoid any spectral interferences or overlapping, when-
ever that was possible.

By EGA - MS, the identification of the evolving com-
ponents and degradation products, tracing occurrence 
and intensity of molecular and fragment ions of a gas 
molecule, were carried out in two steps in two different 
detection mode of the MS. In the first step we scanned 
the whole m/z region between 1 - 300 m/z (Scan mode), 
during the heating program of the TG and then from this 
spectra we selected the characteristic, changing m/z val-
ues and carried out a more sensitive 64-channel following 
(MID mode) experiment.

Table 1 Starting composition of the samples prepared

S1 S2 S3

mg mmol mg mmol mg mmol

TMOS 528 3.5 300 2.0 200 1.3

HCl 4 drop 3 drop 2 drop

AcN 2400 58.5 2800 68.3 2800 68.3

Triton X-100 780 1.2 - -

PEG 200 - 500 2.5 500 2.5

LiI 274 2.0 281 2.1 261 1.9

I2 72.8 0.3 74.6 0.3 74.6 0.3

TBP 277 2.1 284 2.1 284 2.1

MPII 206.7 0.8 211.8 0.8 211.8 0.8

Gu-SCN 48.8 0.4 49.6 0.4 49.4 0.4
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3 Results and discussion
3.1 Comparative thermogravimetric analysis 
(TG / DTG) of TMOS-based electrolyte samples 
incorporating either Triton X - 100 or PEG 200
For all the three samples, we can separate at least three 
decomposition stages according to the TG and DTG 
curves, similarly to our previous experiments with UreaSil 
based electrolytes [19]. In the first main step, it  can be 
assumed, that the most volatile, solvent-like components 
are evolved and then in the second main step the TMOS 
based gel matrix's decomposition occurred. The decompo-
sition temperature of the gel matrix seems to be lowered 
for the samples with less TMOS content. While it started 
around 200 °C for the highest TMOS containing S1 (0.85 M 
TMOS / 0.29 M Triton X - 100) sample, it lowered to 195 °C 
for sample S2 (0.47 M TMOS / 0.6 M PEG 200) and has been 
observed even lower, around 193 °C for sample S3 (0.31 M 
TMOS / 0.6 M PEG 200) as seen on Fig. 1 [18]. The fine 
dynamical variations - observed on the DTG curves up to 
these temperatures - indicate already the release complex-
ity of various volatile components studied by both FTIR 
and MS coupled EGA-methods. At the end of the heating 

program, some high temperature burning outs occurred, 
causing some further weight losses even above 500 °C.

The overall homogeneity of samples together with 
reproducibility on the two thermal balances has been sat-
isfactory, except in one case of sample S3 (Fig. 1(d) and (e)) 
which can be explained by the difference in packing den-
sity causing the volatile part to increase at the expense of 
the decomposition range.

3.2 Identification of the volatile components and 
decomposition products by FTIR
We had already given a preliminary comparison of these 
gel samples to those prepared on TMOS based in our previ-
ous work [18], using the absorption band of CH stretching 
vibrations, which - occurring between 2600 and 3100 cm-1 
in the FTIR-gas spectra series - characterize the overall 
vapor release of organics. Here we present a more detailed 
analysis of these TMOS based electrolyte samples.

In the first stage, from all three samples little amount of 
methanol (followed at 1034 cm-1 characteristic peak) starts 
to evolve at the very beginning of the heating program 
(Fig. 2, first row). The evolved methanol's source is most 

Fig. 1 TG / DTG curves (from EGA - MS - MID measurements) of the samples (a) S1 (0.85 M TMOS / 0.29 M Triton X - 100, 8.40 mg),  
(b) S2 (0.47 M TMOS / 0.6 M PEG 200, 8.46 mg) and (c) S3 (0.31 M TMOS / 0.6 M PEG 200, 6.39 mg) and their TG-curve comparisons  

from coupled MS and FTIR series of measurements, (d) and (e), respectively.
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Fig. 2 The comparison of FTIR evolution rate curves of volatiles from sample S1 (0.85 M TMOS / 0.29 M Triton X - 100, left column) and  
S2 (0.47 M TMOS / 0.6 M PEG 200, right column) in the TG - EGA - FTIR measurements (initial weight of 22.475 mg and 31.503 mg, respectively).
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likely the TMOS-based matrix polycondensation process, 
which is still ongoing or its by-product's (i.e. MeOH's) 
release is delayed a bit and accelerated by the electrolyte 
TG-test. (Note: In the case of sample S3 we were also able 
to detect some acetonitrile evolving together with metha-
nol, see Fig. 3. Although we were able to observe it only 
for this particular sample because of the very low amount 
evolving, it cannot be excluded, that it escapes from all 
three samples, but the detection limit by FTIR was not 
high enough to make it visible.)

Then, an elongated evolution of 4-tert-butylpyridine 
(1598 cm-1) was observed, which occurred in a wide tem-
perature range, centered somewhere between 150 and 
250 °C. 4-tert-butylpyridine (bp. 196-197 °C [29-30]) is 
a known volatile additive component and it is leaving the 
electrolyte without decomposition in rather broad tem-
perature range.

Surprisingly, some carbonyl sulfide (COS, 2062 cm-1) 
occurs also from around 200 °C as can be seen in third raw 
of Fig. 2. The carbonyl sulfide evolution seems to orig-
inate from the guanidinium thiocyanate additive, whose 
decomposition we decided to follow and study in details 
alone, as well, as it is one of the most important additives 
of a DSSC electrolyte, and the results will be presented 
later in this paper.

Above 300 °C, from all three samples, probably mix-
tures of some oxidized compounds, all bearing var-
ious forms of carbonyl groups are released, most 
probably arising from oxidative degradation  / depolym-
erization of oligo(ethylene glycolic) chains of Triton 
X - 100 (S1, n = 9 - 10) and PEG 200 (S2 and S3, n = 4 - 5). 
These are considered as decomposition products of the 
TMOS / oligo(ethyleneoxo) type gel matrices and indi-
cate also the collapse of the matrix (Fig. 2,  fourth and 
fifth rows) itself. That's why, thermal degradation of the 
TMOS-based matrix, in second large decomposition 
stage, can be demonstrated - in the best way - with >C=O 
stretching absorption bands coming from various degra-
dation products of radical thermolysis and partial oxida-
tion of oligo(glycol) (side)chains  [34] of gel deeply and 
strongly incorporating either PEG 200 or Triton X - 100.

An overview of evolved products exhibits, that - after 
the used solvent acetonitrile, and formed polycondensation 
product, methanol (Fig. 3) - first the gel's enclosed additives, 
like 4-tert-butylpyridine, or degradation products of some 
additives, like COS from isothiocyanate salt are escaping 
before the matrix system collapses. The collapse can also 
be indicated - beyond the occurrence of the unidentified 

compounds with oxo-groups - by some small evolution 
rate of ammonia (not shown), most likely originated from 
somehow very strongly retarded  /  polycondensed guani-
dine, and also escaping in unpredictable ways.

Between 500-600  °C burning out of the gradually 
tarring and charring organic residues is the most prob-
able process with exothermic heat effect, also escorted 
with evolution of CO2. Anyhow, in case of the sample 
S1, we can see that CO2 is evolving already from around 
200 °C, while only from 450 °C for S2 and S3. This can 
be explained with the given Triton X - 100 content of this 
sample specifically, as quite early CO2 evolution - as result 
of easy ignition tendency of isooctyl group - is observed 
for pure Triton X - 100, as well [31]. Thus differences in 
the CO2 evolution curves of the samples S1 and S2, which 
shown in last raw of Fig. 2, are caused by compositional 
differences between S1 sample - containing Triton X - 100 
molecule (easy to ignite) - and S2 sample - containing 
PEG 200 - without tendency for ignition, instead.

At 600 °C, after burning out of all the organic matters, 
we expected occurrence of some inorganic materials, like 
silica (in amorphous state) and crystalline LiI, anyhow the 
latter could not be observed, at all. Although crystalline 
LiI ought to melt at 469 °C and provide an endothermic 
heat effect, but before this, probably, it - as an C-O bond 
cleavage agent - reacted with organic matrix components 
and eliminated in form of various alkyl-iodides from our 
systems [18, 19]. In our previous studies when KI was used 

Fig. 3 The FTIR evolution curve of acetonitrile and methanol from 
sample S3 (0.31 M TMOS / 0.6 M PEG 200). (TG - FTIR measurement, 

initial weight of 13.702 mg.)
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as electrolyte components instead of LiI, the powder X-ray 
diffraction measurement confirmed crystalline KI as final 
residue to be present [17], but in these cases with LiI, we 
couldn't observe any crystalline phase in the final residues.

The FTIR evolution curves of sample S3 are not shown 
here in full details because they are very similar to the 
evolution curves of sample S2, due to their similar com-
position. Although we have to mention that evolution of a 
small amount of acetonitrile was observed from this sam-
ple at the beginning of the measurement and also a low-
ering of the decomposition processes of sample S3 com-
pared to S2 by around 5 °C in accordance with their TG 
curves (Fig. 1).

3.3 Identification of the evolving components and 
decomposition products by TG - MS in two detection 
modes (Scan & MID)
In the parallel EGA - MS measurements of all the three 
samples, we have been able to observe and identify a lot of 
evolved species even in MS - Scan mode, and also confirm 
and follow them in MS - MID mode, based on their molecular 
ion and / or characteristic ion fragments. Among them there 
are several species which had already been identified in our 
EGA - FTIR spectroscopic measurements, but some new 

volatile species, like sulfur dioxide (SO2, m/z = 64, M+), 
elemental iodine (I2,  m/z  =  256,  M+) and two alkyl-io-
dides, such as methyl iodide (MeI,  m/z  =  142,  M+) and 
propyl iodide (PrI, m/z = 170, M+) were not visible in the 
FTIR spectra. In these cases, the used Q - MS, as a detec-
tor system seems to be more sensitive than our FTIR-
spectroscopic gas cell technique, especially for compounds 
containing sulfur and iodine atoms, so we could clearly see 
by MS even very small amount of some alkyl-iodides and 
oxidation product of sulfurous species evolving.

In MS-MID mode we have tried to follow all the iden-
tified components on several m/z values to find the most 
characteristic ones and avoid any interference because of 
low resolution of the quadrupole spectrometer, as much as 
it was possible. In this way, we have been able to confirm 
and create one or more MS-evolution rate curve(s) for most 
of the components identified by FTIR. Unfortunately it was 
hardly successful for methanol (m/z = 32 [M+]), because 
of bothering interferences of air-components, but it was 
very successful for acetonitrile (m/z = 41 [M+], 39, 38), 
and especially for 4-tert-butylpyridine (m/z = 135  [M+], 
120, 92, 65, 51) (Figs. 4(a), and 5(a)). Ammonia was fol-
lowed at m/z = 15 (NH+), because of strong interference 
of water's m/z = 17 (OH+) fragment (Figs. 4(b) and 5(b)). 

Fig. 4 MS evolution curves of released gaseous species from samples S1 (Triton X - 100) (a) AcN & 4-tert-Butylpyridine, (b) H2O & NH3,  
(c) organics, CO2, COS, and SO2), and (d) iodic species as obtained in TG / DTA - EGA - MS - MID (following) mode measurements.
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Fig. 5 MS evolution curves of released gaseous species from samples S2 (PEG 200). (a) AcN & 4-tert-Butylpyridine, (b) H2O & NH3,  
(c) organics, CO2, COS, and SO2), and (d) iodic species as obtained in TG / DTA - EGA - MS - MID (following) mode measurements.

Figs. 4(c) and 5(c) exhibit definite evolution courses of car-
bonyl sulfide (COS, m/z = 60 [M+]), sulfur dioxide (SO2, 
m/z = 64 [M+] and carbon dioxide (CO2, m/z = 44, 22). 
Beyond these simple oxidative decomposition products of 
electrolyte samples, the sophisticated organic degradation 
products of the poly(ethyleneoxide) skeletal groups could 
universally be followed as the m/z = 43 ions, presumably 
as [C3H7

+] or [C2H5O
+] ionfragments coming from some 

unidentified volatile species derived from them.
Evolution of ionfragments of alkyl iodides with short 

alkyl chain, presumably methyl and propyl iodides 
(m/z  =  142  [MeI+], 170 [PrI+]) and molecules of iodine 
(m/z  =  254 [I2

+]) could be detected only by EGA - MS 
(Figs. 4(d) and 5(d)). The course m/z = 127 ([I+]) can be 
considered as a kind of specially combined evolution rate 
of "overall iodic species", for all the three species con-
taining iodine atoms, mentioned. Based on our previous 
study [19] we can also suggest that both methyl and pro-
pyl iodides are degradation or reaction products of one 
of hereto also applied additives, 1-methyl-3-propylimid-
azolium iodide (MPII). The origin of evolution of water 
at high temperature (~ 250 °C) is probably the inflamed 
vapors in air atmosphere.

Carbonyl sulfide and ammonia are suspected degrada-
tion products of another important additive, guanidinium 
thiocyanate, whose decomposition we studied in details, 
as described in Subsection 3.4.

3.4 Thermal study of pure guanidinium thiocyanate, 
one of the highly important electrolyte additives
The TG, DTG, and DTA curves of guanidinium thiocy-
anate salt are presented in Fig. 6. The temperature of its 
endothermic melting is well observable at 121.6 °C what 
concur with the melting points in the literature (118-122 °C, 
[32]). (Interesting to note, that the thermal balance detects 
also some "spikes in weight changes", which are escorting 
the fusion of the nicely grown crystals into molten salt, 
probably because of differences in the apparent density 
of the crystal mass and the melt or can be a sign of some 
captured gas / solvent lost upon melting.) The melt of the 
salt looks stabile till around 230 °C when a decomposi-
tion starts with an intensive mass loss, while the weight 
seems to be stabilized between 330 and 390 °C, again at 
a ca. 39 % level. Nevertheless, at around 410 °C, there is 
again a small jump (6 %) in the weight, while at higher 
temperature, starting from 450  °C the decomposition is 
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still continuing with a slow burning out of tarring / char-
ring residues, in air.

3.4.1 Identification of the decomposition products of 
guanidinium thiocyanate by TG - FTIR 
We have also carried out a detailed evolved gas analyses 
of pure guanidinium thiocyanate, identifying the evolved 
gas components according to their FTIR and MS spectra 
with the help of references. In FTIR spectra of the gas-
eous mixtures released, we were able to identify various 
reaction products of the guanidinium and the thiocyanate 
part of the molecule, and their burning products, very 
similar species to those of identified formerly in case of 
decomposition of thiourea [33].

The identified components of evolved gaseous mixtures 
helped us to follow and interpret in more detailed way the 
decomposition processes which are observed from the 
TG / DTG / DTA curves. Before the massive mass loss, 
during melting, we haven't detected any evolving gases, 
nevertheless starting at around 250  °C (also observed 
from the TG curves) various volatile products were identi-
fied. First isothiocyanic acid, HNCS seems to occur, most 
likely arising from a dissociative decomposition process 
of the title compound, namely decomposition into its neu-
tral constituents, guanidine base and volatile isothiocy-
anic acid (Eq. (1)), as a result of migration of a proton.

[(NH ) C=NH ] NCS

(NH ) C=NH HNCS

2 2 2 1

2 2 1 1

+ −⋅

= +
( )

( ) ( , ) .g

	 (1)

At this temperature the isothiocyanic acid seems to 
be sensitive to oxidation, so simultaneous occurrence of 
hydrogen cyanide (HCN) and sulfur dioxide gases are 
considered to be its oxidation products in the air (Eq. (2)).

HNCS O HCN SO( ) ( ) ( ) ( ) .g g g g+ = +2 2
	 (2)

Formation of ammonia gas and cyanamide, NH2CN 
vapor is coming from the probably from a partial degra-
dation of guanidine (Eq. (3)), a product formed in the first 
reaction (Eq. (1)).

(NH ) C=NH NH CN NH2 2 1 2 1 3( ) ( , ) ( ) .= +g g
	 (3)

An intense evolution of carbon disulfide, CS2 
(also together with cyanamide, NH2CN) may come from 
reaction between two thiocyanic acid molecules (Eq. (4)) 
in the condensed phase.

2 HNCS NH CN + CS( ) ( , ) ( ) .1 2 1 2⇔ g g
	 (4)

Meanwhile, the simultaneous formation of carbonyl 
sulfide (COS) and sulfur dioxide (SO2) indicates an imme-
diate quick oxidation process (a mild explosion) of carbon 
disulfide vapors evolved from the sample (Eq.(5)).

CS O COS + SO2 2 21 5( ) ( ) ( ) ( ). .g g g g+ ⇔ 	 (5)

At 410 °C an additional peak is visible in all the com-
ponent's evolution curves (except that of HNCS), what we 
also observed at the DTG curve. It could be caused by 
further decomposition of the tarring residuals of sample, 
when the inner part of the sample is produced a new step 
of decomposition, which happen at higher temperature, 
410 °C. Finally, at high temperature, above 500 °C, car-
bon dioxide and dinitrogen oxide evolved from the sam-
ple as burning out products of final carbonaceous residues 
of guanidinium thiocyanate sample.

Interestingly, when following the decomposition of 
the electrolytes containing guanidinium thiocyanate, the 
single identified decomposition product of the guanidin-
ium thiocyanate in the gas mixture was carbonyl sulfide 
alone, despite some other products were also expected to 
evolve in the same or bit higher amount from the pure 
material. This let us suggest that in the electrolyte mix-
ture the decomposition occurs probably differently or the 
presence of other gases promote some alternative high 
temperature reactions with the decomposition products of 
the guanidinium thiocyanate content.

Fig. 6 The thermal analysis curves (TG / DTG / DTA) of guanidinium 
thiocyanate (initial weight 10.084 mg), of one of the most important 

electrolyte additives for DSSC, show a well-defined melting at 121.6 °C 
and exothermic decomposition(s) from 250 °C and burning after 450 °C.
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3.4.2 Identification of the decomposition products of 
guanidinium thiocyanate by TG / DTA - MS
For the identification of the evolving components and deg-
radation products, we used the same technique what we 
used for the electrolyte samples.

We have tried to follow the possible components on 
several characteristic m/z value and to avoid interferences 
of the quadrupole spectrometer as much as possible, and 
to confirm several components identified by FTIR, such as 
carbon disulfide (CS2 m/z = 76), sulfur dioxide (m/z = 64), 
ammonia (m/z = 15), carbonyl sulfide (m/z = 60), cyan-
amide (m/z = 42), and carbon dioxide (m/z = 44, 22). 
Unfortunately, because of strong fragmentations and 

interferences we couldn't confirm hydrogen cyanide, (iso)
thiocyanic acid or dinitrogen oxide, although they were 
followed by FTIR.

4 Conclusions
Our parallel TG measurement showed good reproducibility 
and homogeneity for samples S1 (0.85 M TMOS / 0.29 M 
Triton X - 100) and S2 (0.47 M TMOS / 0.6 M PEG 200) 
while a considerable inhomogeneity was observed in case 
of sample S3 (0.31 M TMOS / 0.6 M PEG 200). We were 
able to separate at least three decomposition steps for all 
three samples where in the first main step the volatile, sol-
vent-like components evolved and then in the second main 

Fig. 7 FTIR spectroscopic evolution curves of gases coming from pure guanidinium thiocyanate, as one of the most important electrolyte additives 
for DSSC by TG - FTIR measurement with the initial weight of 25.265 mg.
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step the decomposition of the TMOS based gel matrices 
occurred. From the TG / DTG curves we observed that 
with less TMOS content the decomposition temperature 
of the gel matrix lowered therefor the sample S1 (0.85 M 
TMOS / 0.29 M Triton X - 100) showed the highest decom-
position temperature and S3 (0.31 M TMOS / 0.6 M 
PEG  200) showed the lowest, ranging from 200 °C to 
195 °C to 193 °C with the lowering TMOS content.

For the identification of the released gases and decom-
position products we used complimentary and confirm-
ing feature of FTIR and MS online coupled with a TG 
furnace. From all three samples with the FTIR gas cell 
we identified methanol and evolving from the beginning 
of the measurement and for sample S3 we were also able 
to detect acetonitrile evolving together with methanol in 
a very low amount, what makes it possible, that it escaped 
from all three samples, but we were not able to detect 
it. It  was followed by 4-tert butylpyridine and carbonyl 
sulfide evolution from around 200 °C. The known com-
ponent, 4-tert butylpyridine was leaving the electrolyte 
without decomposition. The carbonyl sulfide originates 
from the guanidine thiocyanate according to our detailed 
studies on this additive.

Above 300 °C from all three samples ammonia starts 
to evolve, what is considered to evolve from the guanidine 
residue of the additive guanidinium thiocyanate. Between 
500-600 °C burning out of organic residues was escorted 
with CO2 evolution for all the samples but the evolution 
dynamics was highly depending on the composition of the 
sample. Especially, in the case of use of Triton X-100 (S1) 
the carbon dioxide evolution occurred earlier in several 
steps, elongated between 250-600 °C while in the case of 
samples containing PEG 200 (S2 and S3) the carbon diox-
ide evolved in one step only above 450 °C.

With MS detector beside the ones identified by FTIR 
we were able to follow various methyl and propyl iodides 
(m/z = 142, 170), iodine and overall iodic content (m/z = 127) 
coming from MPII, sulphur dioxide (m/z = 64), carbonyl 
sulphide (COS) and with this more sensitive detector we 
were able to follow acetonitrile (m/z = 41, 39, 38), while 
at m/z = 43 poly(ethyleneoxide) degradation groups were 
followed in both Scan and MID mode.

We also studied in details one of the most important 
additives, guanidinium thiocyanate, which after 
melting at 121.6  °C, looks stabile until 250  °C, when 
the decomposition starts with an intensive mass loss, 
during which we identified several components, such as 
isothiocyanic acid, hydrogen cyanide, and sulfur dioxide, 
carbon disulfide, ammonia, and carbonyl sulfide. In 
the later stage cyanamide, dinitrogen oxide and carbon 
dioxide evolved. At  higher temperature, between 400 
and 550  °C the decomposition is continuing and a final 
burning out step occurs.

We found it interesting, that although we identified sev-
eral components, with similar intensity from pure guan-
idinium thiocyanate, we were only able to find only car-
bonyl sulfide and ammonia in the evolving gas mixture of 
the electrolytic samples. Because of this, we can assume 
that several alternative reactions are occurring among the 
electrolyte components during the decomposition process.
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