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ABSTRACT

C,F;N [2,3,3,3-tetrafluoro-2-(trifluoromethyl)propanenitrile]/CO, gas mixtures are being developed as an eco-friendly electrical insulator to
replace SF¢, the most potent greenhouse industrial gaseous dielectric. However, recent studies have reported complicated and often conflict-
ing decomposition pathways for C,F,N/CO, gas mixtures, which has raised concerns. In this work, the decomposition characteristics of
C,F;N/CO, gas mixtures were studied comprehensively by both designed computations and experiments. Computations were performed
starting from fundamental propositions of C,F;N/CO, decompositions, which were further experimentally verified by pyrolysis, long-term
thermal aging with/without catalytic materials (industrial-grade molecular sieves 4A), and electrical decomposition by spark discharge. The
results of both computations and experiments suggest that in an ideal thermal decomposition, C4F;N is likely to decompose into C,Fs and
small fluoronitriles first at high temperatures. The generation of C;Fs and C,N, from C,F;N thermal decomposition at lower temperatures
appears because of the catalytic effect of incompatible materials, for example, the industrial-grade molecular sieves 4A that we tested. The
electron impact dissociation of C4F,N plays an important role in C,F,N electrical decomposition, leading to additional formation of distinc-
tive small molecules of CF4; and C,N, of low concentrations. It was pointed out based on a real arcing test in a load disconnector that the
decomposition of C4,F;N gas mixtures in real applications will be at a much moderate and manageable rate than what was obtained from
the highly accelerated laboratory tests presented in this work. The signatures of decomposition products extracted in this study provide
invaluable guidance for developing decomposition-based diagnosis and fixation of decomposition byproducts toward SF-free power grids.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188478

I. INTRODUCTION SF¢ is non-flammable, non-toxic, and chemically inert and tends to
SFq has been widely used in modern power grids because of its recombine to its original molecular structure after dissociation,
outstanding high-voltage insulating and arc-quenching characteristics.' which offers the highest reliability with the most compact design
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options in gas-insulated systems. However, SFs is also the most
potent industrial greenhouse gas with an extremely high global
warming potential (GWP) of 23 500, and the increasing awareness
of the environmental impact of SFq mandates its replacement.”™
After years of collective work, C,F;N [2,3,3,3-tetrafluoro-2-
(trifluoromethyl)propanenitrile]/CO, gas mixtures have been
identified as one of the most promising SF alternatives for their
combined strengths and balanced properties,””'* and a scaling-up
adoption of C4F;N/CO, gas mixtures at the grid level is around the
corner. Nevertheless, recent studies have reported complicated and
often conflicting decomposition pathways for C,F,N/CO, gas
mixtures, which have also raised concerns.'” 2’

In principle, gas molecules start to decompose once the
energy input exceeds the energy barrier along one of their decom-
position pathways, where the level of the energy input is highly
related to the form of the input energy, and the energy barrier is
influenced by catalysts. Based on the forms of the input energy,
C,F;N/CO, decomposition can be divided into two major catego-
ries, namely, thermal decomposition and electrical decomposition.
For C4F;N/CO, thermal decomposition, since the input energy is
mainly in the form of heat, a local thermodynamic equilibrium
(LTE) can be assumed for gas mixtures to be decomposed, and the
decomposition characteristics of gas mixtures in such a state should
comply with reaction kinetics developed in the framework of ther-
modynamics. For C4F;N/CO, non-arcing electrical decomposition,
the energy input is mainly realized by the abundant hot electrons
significantly away from the equilibrium state, and more possible
decomposition reactions could be initiated.'*’ Up until now,
notable discrepancies in C,F,N/CO, decomposition characteristics
have been reported even when tested with the same form of energy
input. For example, while some thermal decomposition studies
reported that C4,F,N/CO, gas mixtures remained stable until 650 °
G,"” other studies reported that C4F,N started to decompose at
temperatures down to 350 °C, or even lower, where C;F, was likely
to be generated first, followed by the generation of C,N,'*
Furthermore, existing computational studies also contribute to the
discrepancies in C,F;N/CO, decomposition characteristics.
While computations based on transition-state theory (TST),
Gibbs free energy minimization, and Chapman-Enskog theory
have derived useful parameters of reaction rate constants, equilib-
rium compositions, thermodynamic properties, transport properties,
and emission coefficients, they generally resulted in a great number of
decomposition species/possibilities that did not match the experimen-
tal observations.”~’

In this work, instead of examining the excessive possibilities of
C4F;N/CO, decomposition, we focus on three fundamental propo-
sitions of C4,F;N/CO, decompositions, namely, the most probable
first step of an ideal C4F;N thermal decomposition, the likelihood
of C4F;N decomposing into C;Fs and C,N, at low temperatures
and the associated catalyst-assisted C4F,;N cracking mechanism, as
well as the preference of product generation in C4,F;N decomposi-
tion by electrical discharge, with an attempt to resolve the discrep-
ancies in C4F,N/CO, decompositions reported in the literature.
In accordance with computations, C4F,N/CO, decomposition
experiments were conducted, which include pyrolysis, long-term
thermal aging with and without a catalytic material, and electrical
spark discharge decomposition. Signatures of decomposition
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products in representative decomposition scenarios were extracted.
Although by no means are our computations and experiments con-
sidered thorough or all-inclusive, this work marks the first step
toward validated interpretations of the complicated C,F,N/CO,
decompositions with a clear classification of their characteristics.

Il. COMPUTATIONAL METHODS
A. Transition-state theory (TST)

According to the Born-Oppenheimer (BO) approximation,
the electronic energy of a molecule at the ground state is a function
that depends only on the coordinates of the nucleus.” The elec-
tronic energy of the molecule, thus, can be viewed as a hypersur-
face, namely, the potential energy surface (PES).”” On the PES of a
reaction, the intrinsic reaction coordinate (IRC) is the minimum
energy reaction pathway (MERP) in mass-weighted Cartesian coor-
dinates between the transition state (TS) of a reaction and its reac-
tants and products, where the TS is located at the first order saddle
point on the PES. Based on the transition-state theory (TST), a
reaction is mediated by the formation of an activated complex,
namely, the TS of the reaction, and the decomposition of that
complex into the reaction products.”>”” The forward rate constant
of a reaction can be expressed as

ke(T) = K‘O‘kb—T (

RT\ _uef
0 —) e’ (1)

Py

where k¢(T) is the forward rate constant as a function of tempera-
ture T, x is the vibrational scaling factor, ¢ is the reaction path
degeneracy, ki, is Boltzmann’s constant, h is Planck’s constant, R
is the ideal gas constant, P, is the standard pressure, and AG" is
the standard Gibbs free energy of forming the TS. Here, An=1 or 0
is for gas-phase bimolecular or unimolecular reactions, respectively.

The reaction path degeneracy ¢ can be obtained using the fol-
lowing formula:

o = o(R)n(R)/[c(TS)n(TS)], 2)

where o(R) and o(TS) are the numbers of rotational symmetries of
the reactants and the transition states, respectively, while n(R) and
n(TS) are the numbers of chiral isomers of the reactants and the
transition states, respectively.

The equilibrium constant K of a reaction can be obtained using

A0 An0
RT N

K. =¢r (3)
where AS® and AH® refer, respectively, to the change of entropy
in the complete transformation from reactants to products in the
reaction.

Then, the reverse rate constant of the reaction can be obtained
using

k¢
k=g (4)

For reactions with intrinsic barriers, the TS searching in this
work was carried out by performing a Newton-Raphson search on
the PES. Activation energies of these reactions with intrinsic
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barriers are normally lower than the energies needed for the bond
dissociations in reactants, because while bonds are being broken,
the bonds that need to be formed in the products are simultane-
ously being created.

For reactions without intrinsic barriers (barrierless reactions),
which are often encountered in bond dissociation reactions, an
accurate calculation of reaction rate constants is still challenging,
since the potential energy of these reactions tends to increase
monotonically as the bond breaks.”*” In principle, more quantita-
tive results can be obtained using methods like the variable-reaction
coordinate variational transition-state theory (VRC-VTST) by min-
imizing the rate constant with respect to the location of a general-
ized TS for each total energy E and total angular momentum J, but
a significant computational cost can be incurred.”*”’

Nevertheless, since in a bond dissociation reaction, while the
bond is being broken, no bond is simultaneously being created,
the activation energy of a bond dissociation reaction is close to the
bond energy of the bonds to be dissociated in the reactant. In this
sense, to simplify the calculation of the rate constant of a bond dis-
sociation reaction and for qualitative comparison only, we chose the
Gibbs free energy difference between the reactant and the products
(two separated free radicals) as the Gibbs free energy of activation.

Computations described in this section were performed with
Gaussian 09 at the M062x/6-311G** level.

B. Chemical kinetic model

The composition of a system undergoing chemical reactions
can be investigated using methods of chemical kinetics. In a chemi-
cal kinetic model, given that there are K chemical species in a
system, reactions can be presented in the general form of

K K
> virmi(=) Y viarmy, (5)
k= k=1

where vy and vy, are the stoichiometric coefficients of a reaction
and my is the chemical symbol for the kth species. The production
rate wy of the kth species can be expressed as a summation of the
rates of progress variables for all reactions involving the kth species,

1
We =Y Viid (6)
i=1
where
Vki = Vkif — Vkirs (7)
K K
qi =k [ [ (X" — ko [ ] (X1, ®)
k=1 k=1

in which Xj is the molar concentration of the kth species and kj
and k,; are the forward and reverse reaction rate constants of the
ith reaction, respectively.

ARTICLE pubs.aip.org/aip/jap

In this work, computations related to the chemical kinetics of
C,F;N decomposition were carried out using Ansys Chemkin.

C. Qualitatively probing the composition and product
generation of C,F;N non-thermal plasma

While the composition of thermal plasma, typically generated
by arcs, can be probed by minimizing the Gibbs free energy of the
system,”” " the composition of non-thermal plasma, typically gen-
erated by non-arc discharges, cannot be probed by the same
method since non-thermal plasma is not in a state of equilibrium
both chemically and thermally.

Theoretically, the composition of non-thermal plasma can be
quantitatively obtained by solving Boltzmann’s equation, which is
not easy even with proper approximations that can reduce the
equation. In non-thermal plasma, electrons are the only component
that causes inelastic collisions with atoms and molecules, leading
to excitation, dissociation, or ionization,”” and it is reasonable to
assume that electron impact is the main cause of gas decomposi-
tion. Because weaker bonds are generally more vulnerable to elec-
tron impacts, qualitatively, the plasma composition and the
preference for product generation in non-thermal plasma should be
highly related to the bond strengths of gas molecules.

In this work, the C,F,;N plasma compositions and the prefer-
ence of product generation in C,F;N electrical decomposition by
discharge were qualitatively discussed with respect to the bond
strengths of C4F;N. We characterized the bond strengths of C,F;N
using the relaxed force constants of bonds,’** which offers advan-
tages over methods based on bond length or bond energy computa-
tions, as bond lengths can be used only when comparing the strengths
of the same type of bonds, and bond energies may be affected by the
deformation energies of molecular fragments. Computations to obtain
the relaxed force constants of the bonds of C,F;N were performed
with Gaussian 09 at the M062x/6-311G** level.

I1l. EXPERIMENTAL DETAILS

To verify the computational results, three types of C,F,N/CO,
decomposition experiments were conducted, such as pyrolysis at
800 °C, long-term thermal aging with and without catalytic materials
at 100 °C, and electrical decomposition by periodic spark discharges
at 15.5kV (~12]/spark discharge at 0.1 Hz for 48h). C,F,N/CO, gas
mixture samples used in the above decomposition and aging experi-
ments were mixed at a ratio of 2:8. C4F;N/CO, gas mixtures at such
a ratio display insulation performance nearly equivalent to that
of SFs.”” In anticipation of comparing the decomposition char-
acteristics of C,F;N/CO, gas mixtures with that of SF¢ on an
equal-performance basis in future work, we chose this ratio for con-
ducting the C,F,N/CO, decomposition experiments. After each
experiment, 50 ul of each post-experiment C,F;N/CO, gas mixture
sample was extracted for gas chromatography-mass spectrometry
(GC-MS) analysis (Agilent 7890/5975).

The C4F,;N/CO, pyrolysis experiment was conducted and ana-
lyzed with the pyrolysis GC-MS in a quartz tube furnace heated to
800 °C. The pyrolysis time in the quartz tube furnace was 1 min.
Decomposition products after the pyrolysis were separated and
analyzed by using the GC-MS downstream. A detailed description
of the pyrolysis GC-MS can be found in the literature.'""'
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The C,F,N/CO, long-term thermal aging experiment
with/without catalytic materials was conducted with sealed glass
cells of approximately 1 1, filled with C,F;N/CO, gas mixture
samples at 1.2 bar. In the long-term thermal aging experiment, 30 g
of molecular sieves 4A (Hi-dry® 4A, Multisorb Filtration Group),
as a commonly used desiccant and adsorbent in gas-insulated
apparatuses, was selected as the “catalytic” material to age with the
C,F;N/CO, gas mixture sample. Sealed glass cells containing
the C,F,N/CO, gas mixtures with/without the catalytic material
were put in an oven for aging at 100 °C for six months. After aging,
aged C,F;N/CO, gas mixture samples were extracted and analyzed
with GC-MS.

The C4F;N/CO, electrical decomposition by periodical spark
discharges was conducted by using a sealed glass chamber of
approximately 0.5 1, where a pair of rod-to-plate electrodes made of
brass was embedded. The diameter of the rod electrode was 2 mm,
of which the top is chamfered. The distance between the rod elec-
trode and the plate electrode was 1 mm. Spark discharges periodi-
cally triggered between this pair of electrodes were powered by a
15.5kV capacitor bank of 0.1 uF, where 8 s was used for charging
the capacitor bank and 2s was allowed for its discharging. The
C,4F;N/CO, electrical decomposition by periodical spark discharges
lasted for 48h, during which a total of 17 000 sparks were triggered
in the testing chamber.

IV. COMPUTATIONAL RESULTS

A. The most probable first step of an ideal C,F;N
thermal decomposition

Considering the extremely high strength of most triple
bonds, direct dissociation of the triple bond of the nitrile group
(C=N) in C4F;N as the first step of an ideal C4F,;N thermal
decomposition is highly unlikely. Therefore, if only the homoly-
sis of single bonds in C,F;N is considered, there are four possi-
ble first steps of an ideal C,F;N thermal decomposition, as
shown in Fig. 1(a). The first possibility refers to the bond disso-
ciation between —CN and —C;F; in C,F;N. The second possibility
refers to the bond dissociation between —CF; and —CsF,CN in
C,4F;N. The third and fourth possibilities refer to the detachment of
fluorine atoms from two different positions in the C4F;N molecule,
respectively.

Figure 1(b) shows the calculated forward reaction rate con-
stants of these four possible first steps. As shown in Fig. 1(b), two
fluorine-atom-detachment reactions, regardless of the position of
the fluorine atom to be detached from, have the lowest forward
reaction rate constants, which is consistent with the general obser-
vation that the carbon-fluorine (C—F) bond is one of the strongest
single bonds in chemistry. The forward rate constant of the bond
dissociation between —CN and —C;F; is higher than that of two
fluorine-atom-detaching reactions, but is still significantly lower
than that of the bond dissociation between —CF; and —C;F,CN
in C4F)N, suggesting that the bond dissociation reaction
C4F7N — C3F,CN- + CF;- [possibility 2 in Fig. 1(a)] is the most
probable first step of an ideal C4F,N thermal decomposition.

Following the bond dissociation reaction
C4F;N — C;F,CN- + CF;- [possibility 2 in Fig. 1(a)], C4F;N mole-
cules decompose into C3F4CN- free radicals and CF;- free radicals.

ARTICLE pubs.aip.org/aip/jap
(a)
J
Possibility 1 Possibility 3
+ .\" + Q
CsFr CN- CF3CCF5CN- F-
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C3F,CN- CF3: CF,CFCF3CN- F:
%
(b)
0 -
-50
>
= z
< 00 &
c a
- ]
—— C,F,;NC,F+CN S
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1000

FIG. 1. (a) Four possible first steps of an ideal C4F;N thermal decomposition.
(b) Calculated forward reaction rate constants of these four possible first steps.

A part of the CF;- free radicals generated may then recombine with
the C3F4,CN- free radicals to form back C4F;N molecules, and the
remaining CF;- free radicals may recombine with themselves to
form C,Fs. For those C;F,CN- free radicals not recombined with
CF;- free radicals, they may either recombine with themselves to
form perfluorinated dinitriles with large molecular weights, which
are likely to condense as liquid or solid that cannot be detected in
the gas phase, or further decompose and evolve into small fluoroni-
triles that are likely to be detected in the gas phase. Therefore, based
on the computational results above, the main gaseous decomposition
products at the early stage of an ideal C,F;N thermal decomposition
should be C,F¢ and small fluoronitriles.
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B. The likelihood of C,F;N decomposing into CzFg
and C;N; at low temperatures and the associated
catalyst-assisted C,F;N cracking mechanism

Computations in the last section suggested that C,F,N is likely
to decompose first into C,Fs and small fluoronitriles in an ideal
thermal decomposition. However, in several thermal decomposition
experiments, C4F;N was reported to be first decomposed and
cracked into C3Fg and C,N, at low temperatures.'® To probe the
likelihood of C4F;N decomposing into CsFs and C,N, at low tem-
peratures, the corresponding decomposition pathway must be
developed first. Among various possible pathways through which
C4F;N decomposes into C;Fs and C,N,, we chose the pathway
shown in Fig. 2 as the pathway of investigation, since following this
pathway, C,F,N decomposes into C;Fs and C,N, in the least
number of steps.

The decomposition pathway shown in Fig. 2 starts with the
bond dissociation reaction of a C4F;N molecule decomposing into
a CN- free radical and a C;F;- free radical with a remarkable
electronic energy barrier (100.34 kcal/mol). After this bond dissoci-
ation reaction, two CN- free radicals recombine with each other to
form a C,N, molecule. On the other hand, the C;F;- free radical
further decomposes and evolves into C;Fs. The electronic energy
barriers or releases of those steps are also shown in Fig. 2.

To form a C3;Fs molecule from a CsF;- free radical, a fluorine
atom must be further detached from the CsF,- free radical. Because
fluorine atoms in the CsF,- free radical can be divided into two
groups based on the symmetry of this free radical, there are two
possible manners of fluorine atom detaching from this free radical,
namely, C;F;- - CF,CFCF;- +F- and C;F;- - CF;CCF;- + F-.
As shown in Fig. 2, the reaction C3F;- — CF,CFCF;- + F- has a rela-
tively low electronic energy barrier (+62.53 kcal/mol), while the elec-
tronic energy barrier for the reaction C;F,- — CF;CCF;: + F- is high
(+132.97 kcal/mol).

In addition, there is a clear TS in the isomerization from the
CF;CCF;- free radical to C;Fs, posing a further electronic energy

-77.79 keal/mol
#CF;CFCF;
0.0038 kcal/mol
a CiFy +62.53 keal/mol
CsFs

+100.34 kcal/mol

CN- f + ,CN-

o -147.08 keal/mol
O GRN &=0=09 .

Reaction coordinate

+7.348 kcal/mol

FQ +A‘§ CFCCFs:

+132.97 keal/mol

Energy (kcal/mol)

FIG. 2. The pathway of C4F;N decomposing into C,N, and CsFg in the least
number of steps.
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barrier (+7.348 kcal/mol). The presence of this TS indicates that, in
this isomerization reaction, a structure with energy higher than
both that of the reactant and that of the products exists, where the
fluorine atom originally connecting to one of the two carbon atoms
at the ends of the CF;CCFj- free radical is detached and bound to
the carbon atom in the middle of the CF;CCF;- free radical.

After performing vibrational analysis on the species shown in
Fig. 2, the Gibbs free energy of each species can be obtained. Then,
using the TST described above, reaction rate constants can be cal-
culated. The forward rate constants of the reactions of interest are
shown in Fig. 3(a). As shown in Fig. 3(a), the rate constants of
similar reactions demonstrate the same trend. To be specific, the

rate constants of two isomerization reactions, namely,
@)
100
50
04
< 50
£ —C,F,N>C,F,-+CN-
100 4 — C,F,.—CF,CFCF,+F-
— C,F,.—CF,CCF_+F-
-150 — C|:2CFCF3—)C3F6
— CF,CCF,—C,F,
-200 T . .
400 600 800 1000
Temperature (K)
(b)
1.0
0.8 CaN,
CSFG
5 —C,F.N
5 06
S
2
[} -
g o4
0.2
0.0 T T T T T
0 200 400 600 800 1000
Time (s)

FIG. 3. (a) Forward reaction rate constants of steps. (b) The chemical kinetics
of C4F7N decomposing into C3Fg and C,N, at 650 K (377 °C) for 1000 s.
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CF,CFCF;- — C3Fs and CF;CCF;- — CsFg, are both very high
even at room temperatures and do not change significantly with tem-
perature, while the rate constants of two fluorine-atom-detaching
reactions, namely, C;F;- - CF,CFCF;-+ F- and C;F;- - CF;CCF;-+
F-, are both extremely low at room temperatures but increase very
fast as the temperature increases. The reaction C4F,N —
C;3F;- + CN- is a special one, as in the temperature range of inves-
tigation (300-1000 K), the forward rate constant of this reaction is
always significantly lower than that of all others, suggesting that
this reaction is the rate-determining step (RDS) of the reaction
pathway shown in Fig. 2.

Using the reaction rate constants calculated, a chemical kinetic
model of C4F;N decomposing into C;Fs and C,N, at 650K
(377°C) can be set up. A temperature of 650K is close to the
literature-reported temperature for the thermal decomposition of
C,F,N into C3Fs and C,N,, ie., ~350°C."® The result of this
chemical kinetic model, as shown in Fig. 3(b), demonstrates that,
at 650 K, due to the extremely low forward reaction rate of the
RDS (C4F;N — C3F;- +CN:), after a sufficiently long time
(1000 s), almost no CsFs and C,N, is generated, and almost no
C4F;N is decomposed, suggesting that the likelihood of direct
generation of C;Fs and C,N, from C,F;N at low temperatures is
very low. For these thermal decomposition experiments where
C4F;N was first decomposed and cracked into C;F4 and C,N, at
low temperatures, catalytic materials that can significantly lower the
activation energy of the RDS (C,F,N — C;F,- + CN-) must be present.

C. The preference of product generation in C,F;N
decomposition by electrical discharge

As discussed above, electron impact is likely to be the main
cause of C4F;N electrical decomposition by discharge. In principle,
as long as the electron impact is of high enough energy, all bonds in
C,F,N can be dissociated; however, stronger bonds are generally
more resistant to an electron impact event. The plasma composition
and preference of product generation in this decomposition scenario
should, thus, be highly related to the bond strengths of C,F,;N.

Figure 4(a) shows the relaxed force constants of the bonds in
C,F;N. A greater relaxed force constant corresponds to a stronger
bond strength. As shown in Fig. 4(a), the bond between C1 and C2
atoms and the bond between C2 and C4 atoms are the weakest
bonds in C4F,N. Because CF; fragments (neutrals and ions) can be
generated by breaking either one of these two bonds as well as by
simultaneously breaking these two bonds, CF; fragments should be
the dominant component of electron-impact-induced C,F;N non-
thermal plasma, assuming that the energy of electron impact is not
high enough to dissociate most CF;. In contrast, since small fluoroni-
trile fragments can be generated only by breaking either the C1—C2
bond or the C2-C4 bond, small fluoronitrile fragments in this
C,F,N non-thermal plasma should be less than CF; fragments.

The bond between the C2 and the C3 atoms and the C—F
bonds in C4F,N is stronger than the C1—C2 bond and the C2—C4
bond, and the dissociations of the C2—C3 bond and the C—F
bonds generate CN fragments and F fragments. Due to the
strengths of the C2—C3 bond and the C—F bonds, CN fragments
and F fragments resulting from the dissociations of these two
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FIG. 4. (a) Relaxed force constants of the bonds in C4F/N. (b) The mass spec-
trum of C4F7N generated by electron impact at 70 eV.

bonds should have lower abundances than that of CF; or small flu-
oronitrile fragments.

As can be seen from Fig. 4(a), the strongest bond in C,F;N is
the bond between the N and the C3 atoms. Therefore, the dissocia-
tion of the N—C3 bond in C4F;N electrical decomposition by dis-
charge should be minor. Because N fragments can be generated
only by the dissociation of the N—C3 bond, N fragments should
be the least among all plasma components.

Figure 4(b) shows the mass spectrum of C,F;N generated by
electron impact at 70 eV, which verifies the analysis above. In this
C,F;N mass spectrum, CF; fragments are the dominant compo-
nent, followed by small fluoronitrile fragments. CN and F frag-
ments can also be observed but are of far less abundance. N
fragments are of the least abundance. It should be noted that 70 eV
is way above the ionization thresholds of possible fragments of
C4F;N,”™* and, therefore, most of the fragments of C4F,N gener-
ated at this electron energy level are expected to be positive ions.

C,F;N non-thermal plasma extinguishes immediately after
electrical discharge in C4F;N gas mixtures, where free electrons
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and C,F,N fragments including ions and neutrals recombine with
each other to form decomposition products. With the abundance
of these fragments as precursors of C,F;N aging products from
high to low being that of CFs, fluoronitriles, CN, F, and N, and
with the assumption that precursors of high abundance generate
products of high concentrations, it can be expected that after
C,F;N electrical decomposition by discharge, C,Fs and fluoroni-
triles are the major products, and small molecule products like CF,
and C,N,, are at low concentrations if they can be detected.

V. EXPERIMENTAL RESULTS

Figures 5(a)-5(d) show, respectively, the compositions of post-
experiment gas samples from the C4F;N/CO, pyrolysis at 800 °C,
the C,F,N/CO, decompositions after six-month thermal aging

(@ T T

T
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with/without a catalytic material (industrial-grade molecular sieves
4A) at 100°C, and the C,F,N/CO, electrical decomposition by
spark discharges at 15.5kV for 48h (a total of 17 000 sparks).

For C4F;N/CO, pyrolysis, a significant thermal decomposition
of C,F;N with a quartz tube furnace can be observed only after
pyrolysis at high temperatures, e.g., ~800 °C. As shown in Fig. 5(a),
the main gaseous decomposition products after C4F,N/CO, pyroly-
sis at 800 °C include CO, C,F¢, COF,, C;F,, and various small fluo-
ronitriles. Among the fluorinated decomposition products resulting
from C,F,N decomposition, the concentration of C,F is the highest,
followed by that of those various small fluoronitriles added together.
Within the resolution of our instrumentation, we did not detect
small molecules like CF, and C,N,.

Figures 5(b) and 5(c) show the compositions of post-
experiment gas samples from the C,F,N/CO, six-month thermal
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FIG. 5. Compositions of post-experiment gas samples from (a) the C,F7N/CO, pyrolysis at 800 °C, the C4F;N/CO, six-month thermal aging (b) with/(c) without a catalytic
material (industrial-grade molecular sieves 4A) at 100 °C, (d) the C4F;N/CO, electrical decomposition by periodical spark discharges for 48h at 15.5kV with a repetition

rate of 0.1 Hz. TIC stands for the total ion current of GC-MS.
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aging with/without molecular sieves 4A at 100°C. As shown in
Fig. 5(b), with molecular sieves 4A, after six months of thermal
aging at 100 °C, a part of C,F;N was decomposed into C;Fe. In the
meantime, CN free radicals released from C4F;N decomposition
are likely to form C,N,. However, with such a small size and linear
structure of C,N,, C,N, can be easily adsorbed by molecular sieves
4A, making C;F¢ the only decomposition product that can be
detected in the gas phase. In contrast, as shown in Fig. 5(c),
without molecular sieves 4A, after six months of thermal aging at
100 °C, no C,F;N decomposition was detected. The above experi-
mental results suggest that C,F,N remains stable at 100 °C, and the
reaction of C4F;N decomposing into C;Fs at this temperature was
“catalyzed” by the industrial-grade molecular sieves 4A. In other
words, the —CN group appears to be the site chemically active to
“catalytic” materials, e.g., the co-mineral residuals of the metakao-
lin used in the synthesis of industrial-grade molecular sieves 4A.

As shown in Fig. 5(d), after 48h of spark discharges aging at
15.5kV, C4F;N/CO, electrical decomposition generates signifi-
cantly more species of decomposition products than thermal
decomposition. While C,Fs and small fluoronitriles are still the
main decomposition products after this experiment, other species
of small molecules like CF, and C,N, of low concentrations can
also be detected.

The experimental observations above generally agree with the
conclusions and inferences from our computations presented in
this work. In addition, they form a solid basis to resolve the dis-
crepancies in the literature reporting the C,F,N/CO, decomposi-
tion characteristics. For instance, Kieffel et al. reported that C,F,N/
CO, started to decompose at 650 °C, and the main decomposition
products were C,Fs and small fluoronitriles with no CF, and
C2N2,13 which is generally in line with the results of our C,F,N/
CO, pyrolysis experiment and our computational study of the most
probable first step of an ideal C4F,N thermal decomposition. Both
Kieffel’s and our studies used a quartz tube furnace as the decom-
position reactor, which is chemically inert to most compounds.
The C4F;N/CO, thermal decomposition characteristics revealed
herein are thus considered more related to the intrinsic thermody-
namic stability of C4,F;N molecules.

Zhang et al. reported that in their C,F;N/CO, thermal decom-
position experiments, C;Fs appeared as the first decomposition
product at only 350°C, and then C,N, started to appear at a
slightly higher temperature.® The heater in their experiments was
made of copper, and copper can react with C,F,N first to produce
metal cyanides and C;F4 at lower temperatures.“’ The C,F,N/CO,
thermal decomposition characteristics revealed in their experiments
were analogous to our C4F;N/CO, six-month thermal aging experi-
ments with industrial-grade molecular sieves 4A at 100 °C, both
suggesting that the -CN group in C,F,N is chemically active to
certain catalytic materials.

Chen et al. and Li et al conducted C,F;N/CO, electrical
decomposition experiments with different experimental configura-
tions and conditions,'>”” and they both reported C,F,N/CO, electri-
cal decomposition characteristics very similar to the characteristics
revealed in our periodic spark discharge experiment. Generally, more
species of decomposition products can be detected after C,F,N/CO,
electrical decomposition than after C4F,N/CO, thermal decompo-
sition, but the main decomposition products after C,F,N/CO,

ARTICLE pubs.aip.org/aip/jap

electrical decomposition were still C,Fs and small fluoronitriles.
Decomposition products of small molecules like CF, and C,N,
can be detected after C4F,N/CO, electrical decomposition, but
the concentrations of CF, and C,N, are much lower than those of
C,Fs and small fluoronitriles. These experimental observations
of C4F,N/CO, electrical decomposition feature the characteristics of
decomposition product generation from electron-impact-induced
non-thermal C,F,N plasma.

Based on our computational and experimental studies,
C,F;N/CO, decomposition characteristics can then be categorized
into three groups, namely, ideal thermal decomposition, thermal
decomposition in the presence of catalytic materials, and electrical
decomposition by discharge, corresponding to different C,F,N/CO,
decomposition scenarios. Signatures of C,F;N decomposition prod-
ucts in these decomposition scenarios were extracted and are sum-
marized in the Venn diagram shown in Fig. 6.

The N, and O, shown in Fig. 5 were caused by the tiny air
that inevitably got mixed during the transfer of post-experiment
samples, and, therefore, they should not be counted as decomposi-
tion products. The presence of CO and COF, after C,F,N/CO,
thermal decomposition and electrical decomposition suggests that
during the decomposition, CO, first decomposes into CO and O
free radicals, and O free radicals may recombine with CF,- free rad-
icals to generate COF,. CO and COF, as C,F,N/CO, decomposi-
tion products were also reported in the literature.'’

In addition, it must be emphasized that the decomposition
experiments above were highly accelerated under extreme condi-
tions within small volumes (~1 1) so that the decomposition char-
acteristics of C4,F,N/CO, gas mixtures can be more prominently
demonstrated. In real-world applications, the decomposition of
C,F;N/CO, gas mixtures is expected to be much more moderate.
As a supplement to this study, we conducted an arc decomposition

Small molecules like CF,, etc. of
low concentrations

|:’ Thermal decomposition in the presence of catalytic materials

FIG. 6. Signatures of C4F;N decomposition products in different decomposition
scenarios.

Ideal thermal decomposition

Electrical decomposition by discharge
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FIG. 7. The composition of the post-experiment gas sample after one shot of
arc decomposition in a real C4F;N/CO, filled-load disconnector at 17.5kV/
200 A.

experiment using a real C4F;N/CO, (2:8)-filledload disconnector at
1.65 bar with an 85 I volume. After one shot of arc at 17.5kV and
200 A, the concentrations of the decomposition products were so
low that they could not be picked up by our GC-MS, as shown in
Fig. 7, suggesting that throughout the service lives of typical circuit
breakers (~100 times of operations), running out of C,F,N due to
decomposition is highly unlikely.

It also should be pointed out that a considerable accumulation
of both gaseous and solid decomposition byproducts was also
observed in the SF¢-filled power equipment. The formation rates of
SFe¢ decomposition byproducts have been quantified, and suitable
adsorbents have been developed to mitigate the accumulation of
SFs decomposition byproducts.””"” These efforts have contributed
to the progressive maturity of SF4 insulation technology over the
decades. In the future, to advance the technology readiness level
(TRL) of C4F,N insulation, research focusing on the quantification
of C4F,N decomposition rates, as well as the identification of effec-
tive adsorbents for C,F;N decomposition byproducts, should also
be undertaken.

VI. CONCLUSIONS

In this work, the decomposition characteristics of
C4F;N/CO, gas mixtures as a promising SFs alternative were
studied comprehensively by both computations and experiments.
Starting from fundamental propositions of C,F;N/CO, decom-
position, meaningful conclusions and inferences were derived.
The first step of an ideal C4F,N thermal decomposition is likely
to be C4F;N — C3F,CN- + CF;:, followed by the formation of
C,Fs and small fluoronitriles as the main gaseous decomposition
products in the early stage of an ideal C4F;N thermal decompo-
sition. The reaction of C,F;N decomposing into C3Fs and C,;N,

ARTICLE pubs.aip.org/aip/jap

at lower temperatures appears possible only in the presence of
incompatible (catalytic) materials that can significantly lower the
activation energy of the RDS (C.F;N — C;F;- + CN-). While C,F;
and small fluoronitriles continue to be the main productions of
C4F,N/CO, electrical decomposition by discharge, other species of
small molecules like CF, and C,N, of low concentrations may also
be present in C4F,N/CO, electrical decomposition.

The aforementioned C4F;N/CO, decomposition characteristics
were experimentally validated by pyrolysis, long-term thermal
aging with and without a catalytic material (e.g., industrial-grade
molecular sieves 4A), and electrical decomposition with spark dis-
charge, which were all in good agreement with the computations.
The possible cracking of C,F;,N/CO, in the presence of incompati-
ble (catalytic) materials strongly suggests that care must be taken
when selecting materials for new switchgear design. Low-energy
spark or corona discharge appears to form most types of species
because of the non-equilibrium nature of electron-impact-induced
decomposition in non-thermal plasma. Proper high-voltage designs
will have to be considered in future SF¢-free power apparatuses.

Beyond these early identifications of dominant byproducts,
there is a critical need to quantitatively determine the formation
rates of C4F,N decomposition byproducts in various modes of elec-
trical discharges, particularly in high-current arcs. Nonetheless, the
decomposition of C4,F;N/CO; in real applications will be at a much
moderate rate than what is obtained from the highly accelerated
laboratory tests presented in this work, and the risk of running out
of C4F;N throughout the service lives of circuit breakers seems
minimal. Furthermore, it is less likely that products resolved from
low-energy spark aging can survive high-current interrupting arcs
without further decomposition. With additional work, a thorough
understanding of the decomposition characteristics of C4F,N/CO,
can lead to the development of decomposition diagnostic tools as
well as selective adsorbents for the removal and fixation of unwanted
decomposition byproducts, facilitating the transition toward a green,
SE¢-Free power network.
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