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ABSTRACT

High Temperature X-Ray Diffraction with concurrent Gas Chromatography (HTXRD/GC) was
used to study cobalt disulfide cathode pellets disassembled from thermal batteries. When CoS;
cathode materials were analyzed in an air environment, oxidation of the K(Br,Cl) salt phase in
the cathode led to the formation of K»SOj4 that subsequently reacted with the pyrite-type CoS:
phase leading to cathode decomposition between ~260 °C and 450 °C. Independent thermal
analysis experiments, i.e. simultaneous Thermogravimetric Analysis / Differential Scanning
Calorimetry / Mass Spectrometry (TGA/DSC/MS), augmented the diffraction results and support
the overall picture of CoS> decomposition. Both gas analysis measurements (i.e. GC and MS)
from the independent experiments confirmed the formation of SO off-gas species during
breakdown of the CoS». In contrast, characterization of the same cathode material under inert
conditions showed the presence of CoS; throughout the entire temperature range of analysis.

INTRODUCTION

Transition metal sulfide compounds such as CoS> can be employed for energy storage purposes
such as anodes for Li-ion batteries (Goriparti, et al.; 2014), as materials for supercapacitor
applications (Bao, et al.; 2008), and cathodes for thermal batteries (Butler, et al.; 2004). The
cobalt sulfide phase diagram, as documented by Mrowec (1998), contains many compounds
including Co4S3, Co1.S, Co9Ss, Co3S4 and CoS,. The different compositions are often a result of
different synthesis conditions such as temperature and atmosphere. Additionally, oxidation of
cobalt sulfide phases can occur depending on the pO> present during heat treatment.

We have employed High Temperature X-Ray Diffraction (HTXRD) along with concurrent Gas
Chromatography (GC) to monitor and document the behavior of CoS: thermal battery cathode
materials during heat treatment. There has been very little work published on research
diagnostics for in-situ gas analysis with simultaneous diffraction characterization. Some early
work by Fawcett (1987) demonstrated the means of performing in-situ XRD with simultaneous
Mass Spectrometry (MS) and Differential Scanning Calorimetry (DSC). Our method is similar
in design, but employs a different gas analysis method (GC) for diagnosis of the gaseous species.
There are benefits and drawbacks to selection of GC vs MS. The main differences are that while
MS can be more definitive in terms of a clear identification of a gaseous species, GC performs
better for purposes of quantification of gas presence and can more easily separate gas



components via retention time. Another publication (Coker, et al.; 2011) reports the use of GC
with HTXRD for detecting the presence of CO gas evolved during a thermochemical cycle. This
early work by Coker, et al. (2011) details the first use of GC concurrent with HTXRD. The
results presented below expand upon the use of HTXRD/GC and document its use as applied to
CoS> cathode materials. Our HTXRD/GC analysis has been augmented by the addition of
Simultaneous Thermal Analysis (STA) where both Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC) are collected simultaneously. This method also
employed the use of Mass Spectrometry for analysis of the off-gas species. Therefore, this
second independent experiment has been referred to as TGA/DSC/MS as they are all collected
together in a single comparable dataset. The coupling of these two methods, HTXRD/GC with
TGA/DSC/MS serves as a powerful set of diagnostics for characterizing chemical reactions in-
situ where there is the possibility of gas evolution during the reaction process.

EXPERIMENTAL

Specimens of a cathode were taken from an existing battery build and were kept under vacuum
until analysis. The cathode consisted of CoS, powder (Cerac, 99.4% purity) mixed with a solid-
solution electrolyte (KBr,Cl) and a trace addition of Li,O. Cathode materials were split so that
one portion of the cathode had HTXRD/GC analysis performed while a second piece of the
cathode was analyzed using comparative thermal analysis via TGA/DSC/MS. In this way, two
comparative datasets could be tabulated with a combined total of five analytical characterization
techniques. Sample powders were ground to a fine powder prior to analysis.

HTXRD/GC

Figure 1 shows a picture of the X-ray Diffractometer equipped with the furnace chamber. The
HTXRD system is a Scintag PAD X powder X-ray Diffractometer employing a sealed tube Cu
Ko X-ray source, an incident beam mirror optic, fixed receiving slits and a Peltier-cooled
Germanium solid-state detector. The ancillary hot-stage was a Buehler HTK 2400 furnace with
a Pt/Rh heating strip and surround heater. The temperature of the hot-stage furnace was
calibrated via thermal expansion of known standard materials (e.g. Alumina) while being run
under similar conditions as the samples. Cathode powders were ground under methanol and
coated onto Alumina substrates for loading onto the heating strip. Figure 2 shows the setup of
the gas handling system for flowing either air or inert (N2) gas. Mass flow controllers were
plumbed between the gas cylinders and the input to the furnace chamber. This was for
experiments which required gas mixing; these were not employed in our experiments because
the Air (Matheson Ultra Zero) and N> (Matheson UHP) gases were used directly from the as-
received cylinders. One can also see an oxygen getter on the equipment rack. While this was
unused in the current experimental design, it could be employed if very low pO: levels are
desired (i.e. <I ppm Oz). The other two items of equipment in the gas handling system shown in
Figure 2 were the micro-GC (Agilent CP-4900) and an oxygen meter (Ameteck CG1000).
These were plumbed in parallel into the vent line from the furnace chamber. The micro-GC has
two columns; Molecular Sieve SA (MSA) and PoraPLOT U (PPU), and is referred to as a micro-
GC, or p-GC, due to its compact nature and small footprint. The pu-GC was configured to
sample gas in approximately 2 minute increments. This worked well to monitor the gas



conditions during the HTXRD measurements which occurred in an increment of 4.5 minutes per
scan at a given hold temperature. XRD scan parameters were as follows: angular range = 20-54°
20, step-size = 0.05° 20, count time = 0.4 sec, heating rate between scans = 50 °C/min,
temperature increment between scans = 25 °C. Using these scan parameters for HTXRD data
collection, the effective heating rate mimics a ~5 °C/min heating rate from the start of the
experiment up to the maximum temperature of 550 °C.
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Figure 1. High temperature XRD system configured with hot stage (furnace chamber).
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Figure 2. Configuration of gas handling system showing gas cylinders, mass flow controllers,
O, getter, O meter, and Agilent CP-4900 u-GC.



TGA/DSC/MS

Figure 3 shows the setup for the STA instrumentation. The system is a Netzsch STA 409-CD
TGA/DSC system. TGA allows for determination of weight gain or loss with heating, while
DSC indicates the existence of an endothermic or exothermic reaction at a given temperature.
Cathode fragments were loaded into alumina crucibles for analysis. The system was also
equipped with a Hiden Analytical HPR-20 mass spectrometer (MS) to diagnose the gaseous
species that were generated during heating. Employing MS for characterization of off-gas
species during STA is relatively common. For example, see Trionfetti, et al. (2006) and Choi, et
al. (2011). The MS instrument (as shown in Figure 3) drew a constant stream of gas from the
vent line of the TGA/DSC system. The thermal analysis experiments and high temperature XRD
measurements were performed independently, but were matched in time and heating rate to be
comparable between the two datasets. The heating rate employed for the thermal analysis was 5
°C/min and the maximum temperature 600 °C. Comparison of results from TGA/DSC/MS with
those of HTXRD/GC shed light on the breakdown of CoS» during heat treatment in an oxidizing
condition (air) as will be documented below. A control experiment under inert conditions was
also run. This was performed under N> gas for HTXRD/GC and under Argon gas for the
TGA/DSC/MS experiment.
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Figure 3. Schematic diagram of the simultaneous thermal analysis system as configured with
mass spectrometry (MS).



RESULTS AND DISCUSSION

CoS» Analysis under Air Atmosphere

Heating of the CoS, powder within the HTXRD reaction chamber with simultaneous diffraction
measurement yields a dynamic picture of multiple reactions occurring over the 25 °C to 550 °C
temperature range. Figure 4 shows the results for the CoS> cathode sample run under flowing
air. The plot shows data as °20 on the x-axis, temperature (°C) on the y-axis, and a color scale
for intensity where low counts are black, high counts are white, and intermediate counts vary
from red to orange to yellow. Figure 4 shows some important observations. First, the as-
received cathode material is confirmed to be dominated by two phases, CoS,, PDF 04-003-1962
(ICDD, 2015), with a Pyrite-type structure (as shown by several peaks for this phase), and a salt
phase labeled here as K(Br,CIl), PDF 01-081-9940 (ICDD, 2015). The K(Br,Cl) phase is a salt
phase similar to KBr but also contains a fraction of CI substituted for Br in the salt lattice. This
creates a solid-solution salt phase which likely serves to reduce the melting point of the salt.
One can see that these two initial phases decompose (vida infra) between 300 and 400 °C along
with the formation of other phases such as K>SOs, PDF 04-017-4456 (ICDD, 2015), and
ultimately Co3O4, PDF 04-005-4386 (ICDD, 2015).
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Figure 4. HTXRD results for CoS: cathode under flowing air atmosphere. See text for details.

Concurrent GC analysis was collected during this experiment. The results are shown in Figure
5. This color contour graph plots retention time on the x-axis, temperature on the y-axis and



intensity as a color scale where low counts are black, high counts are white, and intermediate
counts vary from red to orange to yellow. The results only show a small portion of the
approximately 2 minute p-GC scan, but the plot illustrates the dominant activity in terms of
gaseous species. The graph clearly shows a major gas release between 300 and 450 °C at the
approximately 42 seconds retention time. This signal was confirmed to be due to SO; gas as
determined by calibration standards run separately on the PPU column. The SO» gas appears to
come off at two distinct temperatures, 350 °C and 400 °C with the majority gas loss occurring at
the 400 °C temperature. Clearly this temperature range looks to be where most of the chemical
activity occurs. Additionally, there is signal at around 40 seconds retention time and it persists
over the entire temperature range. The intensity of this additional peak appears to be stronger at
room temperature with a gradual decay over time. This signal was confirmed to be from CO2
gas and its presence was determined to be from both the ambient air during sealing of the
reaction chamber (furnace) as well as a small impurity of CO; in the dry air cylinder. For this
experiment, the small presence of CO> can be ignored as it is unaffiliated with the cathode
behavior.
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Figure 5. p-GC results for the CoS> cathode heated in flowing air showing formation of SO2
gas between 300 and 450 °C. A small trace of impurity CO, gas was also detected and was
determined to be experimental artifact.

Thermal analysis revealed a great deal of information regarding the changes detected in the
HTXRD/GC experiment. Figure 6 shows the TGA/DSC results when CoS, cathode material
was run in flowing air. The graph shows two datasets, the plot in red (top) is from the DSC and
the black (bottom) is from TGA. The x-axis plots temperature. The right side of the graph plots
heat flow for the DSC data where exothermic is shown as a negative value (default for Netzsch
systems). The y-axis on the left is for TGA and shows % weight gain or loss. What is



immediately obvious from this graph is that a major reaction occurs at ~265 °C as shown in the
exotherm in the DSC. This is also concurrent with a weight increase as seen in the TGA trace.
The XRD data indicate that K»SO4 is forming above this temperature. The exothermic reaction
is telling because it suggests oxidation of the K(Br,Cl) salt phase to form potassium sulfate. This
exothermic reaction is in stark contrast to the expected behavior which would be melting of the
salt phase to form a liquid electrolyte. This first oxidizing reaction sets the stage for other
reactions.
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Figure 6. Thermal analysis results for the CoS» cathode processed in an air atmosphere. See text
for details.

The STA data in Figure 6 also shows other activity at higher temperatures. The mass gain
predominantly due to KoSO4 formation achieves a maximum of ~106% of the initial sample
weight at ~350 °C. This is followed by a significant mass loss, with the maximum rate of weight
loss (steepest slope in the TGA data) occurring just above 400 °C. This is consistent with the
off-gassing of SO as observed in the u-GC data in Figure 5. Additional support for off-gassing
of SO was obtained from the MS data collected during the TGA/DSC measurement. Figure 7
shows the results of the MS analysis. It shows a broad and somewhat asymmetric peak for a
gaseous species with mass/charge ratio of ~64 amu (SO,). The peak in Figure 7 grows more
gradually at low temperatures, beginning at ~265 °C, the same temperature as the onset of K2SO4
formation as documented via HTXRD in Figure 4. The maximum SO gas release for the MS
data in Figure 7 looks to occur at ~400 °C, and drops off quickly above 500 °C. When
comparing the MS data in Figure 7 with that of the u-GC results in Figure 5 one can see that the
u-GC results show two distinct release maxima (~350 °C and 400 °C), while the plot for the MS
shows essentially one asymmetrically shaped peak without distinctly separated maxima. The
explanation for this discrepancy may be related to the different heating schedules in the two



experiments. On average, the heating rate was ~5 °C/min in both experiments. However, the
TGA/DSC/MS used an actual 5 °C/min heating rate. In contrast, the HTXRD/GC used a series
of step and hold temperatures. The constant heating rate of the TGA/DSC/MS measurement
likely results in an averaging effect for the thermal behavior, while the step and hold
measurement for HTXRD/GC likely leads to a more discrete dataset. Looking again at the MS
data in Figure 7, one could imagine a 2™ smaller peak centered at ~350 °C that is superimposed
upon the larger peak centered at ~400 °C, where the 2™ peak accounts for the asymmetric skew
in the overall profile. Hence, the data for the two gas analysis techniques can be reconciled. The
XRD results from Figure 4 show that shortly after the formation of K»SO4 at approximately 380
°C one observes the formation of what shall be referred to as an intermediate compound. The
exact composition of this phase remains uncertain, however possible candidate phases include
K>Co2(S04)3,PDF 00-020-0873 (ICDD, 2015) and K9CoS7, PDF 04-010-8100 (ICDD, 2015).
The compound is coined an intermediate because it serves as a medium between the pure sulfide
CoS: and the fully oxidized Co304 that forms at higher temperatures. The intermediate phase
appears to be a decomposition product from the reaction of CoSz with K2SOs. This reaction
results in the release of SO» gas as confirmed by both u-GC and MS. The competing reactions
of K»SO4 formation and breakdown of CoS; result in the maximum for TGA weight gain at ~350
°C (see TGA trace in Figure 6). Between 350 °C and 400 °C one observes a fast decay of the
CoS: peaks in the HTXRD data, as seen in Figure 4, consistent with the formation of the
intermediate phase. Finally, the XRD data (Figure 4) indicate conversion of the intermediate to
C0304 beginning at ~450 °C and becoming dominant by 550 °C. The TGA data in Figure 6
actually show a change to a weight gain starting at ~460°C which continues to increase in
quantity up to ~520 °C. This weight gain is associated with the formation of Co3O4 once the
CoS: and intermediate phases have converted the reactive sulfur to SO2 gas. K2SO4 continues to
persist up to 550 °C in the HTXRD data. Hence, the K»SO4 may serve as a catalyst for the
breakdown of CoS> to ultimately form the oxide Co30s4.
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Figure 7. Mass Spectrometry (MS) data for the CoS» cathode processed in an air atmosphere.



To summarize, the reaction sequence can be shown using the schematic diagram given in Figure
8. This figure illustrates graphically the reaction sequence that occurs when heating the CoS»
cathode in the presence of an air atmosphere along with the presence of a K(Br,Cl) salt. The
clear demarcation of this reaction sequence occurs with the conversion of the salt to K>SO4. It
appears that KoSO4 formation is a critical first step in the decomposition process, since K2SO4
looks to be a critical constituent in the cascading reaction of CoS» to form the intermediate
compound which ultimately decomposes to the full oxide Co30s. The presence of SO gas is
detected at the onset of the K2SO4 formation at ~260 °C, likely due to the consumption of a
fraction of the CoS2 cathode. The exothermic nature of this reaction is demonstrative of this
oxidizing condition. With the presence of K>SOa, further reaction to form the intermediate
phase progresses with significant loss of SO2 gas between 260 °C and 450 °C with a maximum
SO> loss occurring at ~400 °C, which also corresponds to the highest rate of weight loss in the
sample after an initial weight gain during K>SO4 formation. The final conversion of the
intermediate phase to Co30s is demonstrated by a small weight gain above ~500 °C and the
cessation of SO> gas loss.
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Figure 8. The reaction sequence for breakdown of the CoS: cathode materials processed in air.

CoS; Analysis Under Inert Atmosphere

It is worth documenting as well the behavior of a cell processed under inert conditions so that a
comparison can be made in regard to proper and expected performance of the cathode. Figure 9
shows the HTXRD results for the same CoS» cathode material heated under flowing N> gas (pO>
of between 2 and 10 ppm). The contour plot shows identical results to that of Figure 4 in the
lower temperature regions (below 250 °C) with the same CoS> and K(Br,Cl) phases detected.
However, what is markedly different in Figure 9 is that the CoS> remains present over the entire



temperature range without breakdown, as indicated by the continuous presence of the CoS>
peaks traversing the entire temperature range. This is desirable in the sense that the battery will
perform in the expected manner if the CoS> phase persists to operating temperatures. What is
also very important is the observation that the K(Br,CI) peaks persist well above 300 °C. They
do appear to decrease in intensity as the temperature is increased above 300 °C, but the salt
peaks are definitely more significant above 300 °C under N, atmosphere, as compared to air as
seen in Figure 4.  This suggests a different behavior of the salt phase when under inert

conditions.
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Figure 9. HTXRD results for the CoS; cathode material under flowing N> gas. See text for
details.
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Figure 10. p-GC results for the CoS» cathode material under flowing N> gas as collected during
the HTXRD run (Figure 9).

Figure 10 shows the u-GC data collected during the HTXRD experiment under inert conditions.
This graph shows no evidence of SO, gas evolution at any temperature up to 550 °C, but only
shows the CO» gas artifact, similar to that in the air analysis. This is additional supporting
evidence of a stable CoS, phase with temperature under these inert gas conditions. Thermal
analysis data collected on the same CoS> cathode sample (in this case run under Argon as the
inert gas) showed very different behavior as compared to the air analysis. Figure 11 shows the
TGA/DSC traces for the inert gas run. Here we see a very important observation of an
endothermic peak at ~300 °C. This observation indicates a melting transition and can be
associated with the melting of the electrolyte (nominally K(Br,Cl) salt) phase. The low
temperature of melting is a bit of a surprise in that the melting points of KBr and KCl are 734 °C
and 770 °C, respectively. Certainly, a solid-solution of K(Br,CI) will melt at a lower temperature
due to melting point depression of the solid-solution phase, though a drop of almost 400 °C is
unlikely. However, when one considers the nominal preparation of the cathode powder, our
analysis suggests that the Li addition in the cathode powder (initially as Li2O) has aided in the
reduced temperature of melting for the electrolyte. Indeed, Li-containing electrolytes are known
to possess melting points around 300 °C. Clearly the salt must melt prior to the operating
temperature of the designed battery, so it follows that the salt should melt somewhere between
300 and 400 °C and this is confirmed in the STA and HTXRD results.
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Figure 11. Thermal analysis results for the CoS» cathode material processed under inert (Ar gas)
atmosphere. See text for details.

It is also notable that there are changes in the TGA/DSC curves between room temperature and
~140 °C for the sample heated under inert gas. There is a clear weight loss which occurs at ~100
°C and an endothermic peak at ~120 °C. These thermal events can be traced to the dehydration
of'a CoSO4-hydrate phase which was observed in small quantities in the sample prior to heating.
These deviations look significant in Figure 11 but if one compares the magnitudes of the y-axes
scales to that of Figure 6 for the air-processed sample one can see that Figure 11 has a much
smaller scale range for both the TGA and DSC. In fact, if one looks at the data in the range of
room temperature to ~140 °C in Figure 6, one can see similar behavior of a small weight loss in
the TGA and endothermic peaks in the DSC trace. However, they are weak and suppressed to
the background in Figure 6 due to the magnitude of other thermal events. So it appears that a
small fraction of CoS: is reacted to form the CoSOs-hydrate, even prior to heating, and it occurs
in both samples. What also appears clear is that this small amount of impurity does not look to
change the outcome of the experiments presented here.

No Mass Spectrometry (MS) data are presented here for the thermal analysis experiment shown
in Figure 11 as there was no detection of SOz gas from the sample during the TGA/DSC/MS
experiment. This was consistent with the results of the u-GC experiment run concurrent with
HTXRD as shown in Figure 10. A small quantity of water was detected by MS during the early
portions of the run, corroborating the dehydration shown in Figure 11.

CONCLUSIONS



We have successfully integrated the use of GC with concurrent HTXRD analysis for
characterization of CoS; based cathodes used in thermal batteries. When CoS> cathode materials
were analyzed in an air environment, oxidation of the salt phase in the cathode led to the
formation of KoSO4 which subsequently reacted with CoS, leading to the decomposition of the
CoS: phase. Independent thermal analysis experiments augment the HTXRD results and support
the overall picture of CoS, decomposition. Coupling of these two techniques HTXRD/GC and
TGA/DSC/MS has proven effective for identification of the chemical reactions responsible for
CoS> decomposition in air, yielding a highly detailed picture of the sequence of reactions that
occur, temperatures at which these reactions occur, and the impact of atmosphere in the
degradation process. The oxidation behavior of CoS; will enable a clearer understanding of the
decreased performance of thermal batteries exposed to air atmosphere during use. The exotherm
at 260°C and evolution of SO> gas can serve as indicators of oxygen exposure and may therefore
function as a predictive means of CoS; cathode degradation in thermal batteries. Control
experiments performed under inert conditions verified the stability of the CoS, phase up to 550
°C without significant reaction or decomposition of this pyrite-type sulfide compound.
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