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Li dendrites and electrolyte leakage are common causes of Li-ion battery failure. Hj, generated by Li dendrites,
and electrolyte vapors have been regarded as gas markers of the early safety warning of Li-ion batteries. SnO,-based gas
sensors, widely used for a variety of applications, are promising for the early safety detection of Li-ion batteries, which
are necessary and urgently required for the development of Li-ion battery systems. However, the traditional SnO; sensor,
with a single signal, cannot demonstrate intelligent multi-gas recognition. Here, a single dual-mode (direct and alternating
current modes) SnO, sensor demonstrates clear discrimination of electrolyte vapors and Hj, released in different states of
Li-ion batteries, together with principal component analysis (PCA) analysis. This work provides insight into the intelligent

technology of single gas sensors.

Keywords: gas sensors, single dual-mode, multivariable sensors, Li-batteries, early safety warning

PACS: 07.07.Df, 85.30.—z, 84.37.4-q, 89.60.Ec

1. Introduction

To alleviate ever-growing energy consumption, electro-
chemical energy storage technology has been a topic of wide
concern in recent years.!!:?l In particular, lithium (Li)-ion bat-
teries (LIBs) have dominated both electronics and automo-
tive applications due to their high energy density and reduced
cost.l2 Unfortunately, LIB safety issues have emerged due
to the flammable organic electrolytes and the intrinsic thermal
properties during charge and discharge, which could result in
explosion and casualties.’>® For the development of large-
scale LIB energy storage equipment, effective safety warnings,
as early as possible, are necessary and urgently required.

The current battery management system (BMS) is re-
garded as a crucial LIB protection system, which can detect
the voltage, state of charge (SOC), and external surface tem-
perature of the battery cell. However, the BMS is unable to
detect LIB safety issues in the early stages.!'"*! For example,
the external voltage of a leaking battery could be kept at almost
the same level as that of a pristine battery for several hours. !
As reported, special gas detection of LIBs could detect LIB
safety issues at an earlier stage.l'*! In particular, H,, gener-
ated by the reaction of Li dendrites with a polymer binder,
could be captured first, and over 10 min earlier than smoke
and fire, in cases of LIB failure.!!] Furthermore, LIB failure is
often associated with electrolyte leakage.®’! The main com-
ponents of the LIBs’ electrolyte are volatile and redox neutral
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solvents, such as dimethyl carbonate (DMC), diethyl carbon-
ate (DEC), ethyl methyl carbonate (EMC) and propylene car-
bonate (PC).[*8]

As is well known, semiconductor sensors have been
widely used for various hazardous and flammable gases in the
internet of things (IoT) due to their high sensitivity, simple

(9101 However, selectivity

mechanism and real-time response.
has always been the bottleneck of semiconductor gas sensors,
and further limits the recognizability and intelligentization of
individual sensors. Combining sensors into arrays is a com-
mon method used to mitigate the poor selectivity of sensors,
with up to thousands of individual sensors.!'!! Obviously, sen-
sor arrays cannot fulfill the convenience of sensors well.
Recently, new multivariable gas sensors have been

12,31 These multivariable sensors involve a sensing

reported. |
material and a multivariable transducer, to provide diverse and
independent responses to different gases and to provide multi-
gas recognition and rejection of interferences.!!*!3] The mea-
surable response signals of chemi-electrical sensors include
current, capacitance, and resistance/impedance. In contrast
to the single signal of DC resistive sensors, AC impedance
sensors can provide a multidimensional response over a fitted
frequency range, which results from the further extraction of
parameters, including the dielectric constant, charge transfer
resistance, double-layer capacitance and diffusion constant,
and are attracting increasing attention. %6181 AC sensors are

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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characterized not only by low cost and a simple device con-
figuration, but also by different frequencies producing various
signals. [©]

Herein, we use DC-AC dual mode to detect organic elec-
trolytes and H; possibly venting from the failed LIBs, taking
a SnO;-based sensor as an example. Multi-sensing parame-
ters extracted from the DC current, as well as AC impedance,
and the corresponding phase angle, dissipation factor and fre-
quency data, are comprehensively analyzed. According to the
principal component analysis (PCA) of multi-sensing param-
eters, clear discrimination of electrolyte vapors (DEC, DMC,
and PC) and Hj is proved, which could improve the accuracy
and reliability of the LIBs’ early safety warning system.

2. Experimental details
2.1. Material preparation and characterization

The SnO;-based sensing material here was prepared by
following Ref. [19]. Typically, 500 g of as-received SnO,
micro-powder (2-5 pm in diameter, Jinxin Advanced Materi-
als, China) was mixed with 1425 g deionized water under mag-
netic stirring, followed by addition of 75 g triethanolamine
(Usolf Chemical, China) as a dispersant. Stirring and disper-
sion continued for 10 mins. Next, the mixture was ball-milled
(WG-1L, Vgreen Nanometer Technology, China) for 2 h with
balls 300 um in diameter to produce a uniform dispersion. Fi-
nally, 1 g of tetraamminepalladium nitrate (H;,NgOgPd, Al-
addin, China) was added to 12 g of the as-obtained disper-
sion. Consequently, the acquired stable nano-dispersion, with
a solid content of 15%, was the Pd-dopped SnO, material uti-
lized for this work.

The morphologies of the as-prepared material were char-
acterized using scanning electron microscopy (SEM, FEI
Nanosem 430). Powder x-ray diffraction (XRD) analyses were
performed on a Bruker D8 Advance diffractometer with Cu
Ko radiation (A &~ 1.54 A).

2.2. Gas sensing experiment design

A schematic of the bare sensor device with a pair of in-
terdigital electrodes (IDEs) integrating a microheater is shown
in Fig. Sla (supporting information). The microheater was
fabricated based on silicon micro-electromechanical system
(MEMS) technology, reported in our previous work.>") The
fabrication details are also described in the supporting infor-
mation. The typical relationship of the heating temperature vs.
the applied voltage of the microheater is shown in Fig. S1b.
The complete sensor device was fabricated by facile drop-
coating. Afterwards, the device was heated and maintained
at 300 °C for 7 days to promote SnO, deposition and device
aging to obtain reliable testing data.

The gas sensing tests were performed using a homemade
system with an 8-L test chamber, as reported in our previous
work.[?! For the analyte sensing test, a fitting concentration of
the analyte (standard H; gas of 10x 10~% mol/mol, and DMC,
DEC and PC vapor) was injected into the chamber. All the
sensing tests were taken at ambient temperature of about 25 °C
and 40% relative humidity, adjusted by an air conditioner and
a humidifier. The heating temperature of the microheater was
precisely controlled using a bias voltage applied by a Keith-
ley 2602B source-meter. The sensor DC and AC signals were
collected by a Keithley 2602B source-meter and a Keysight
1732C LCR meter, respectively. Principal component analy-
sis (PCA) was calculated using the inbuilt library function of
Python.

3. Results and discussion
3.1. Material analysis

The SEM image in Fig. 1(a) shows the homogeneity of
the as-prepared SnO, powder. The XRD pattern of the as-
prepared SnO; is shown in Fig. 1(b). Due to the tiny Pd ad-

ditive, no obvious Pd peaks are detected. All the peaks are
assigned to SnO; of tetragonal rutile (JCPDS No. 41-1445).
The obvious peaks at 20 = 26.7°, 33.9°, and 38° correspond
to the (110), (101), and (200) planes of SnO,, respectively.
Furthermore, the SnO; grain size is ~ 30—-40 nm, calculated
according to the XRD data.

(110) (101)

(200)

25 30 35 40 45
20 (%)

Fig. 1. (a) An SEM image, and (b) the XRD pattern of the as-prepared SnO;
powder.

3.2. Gas sensing characteristics

We chose DEC, DMC, PC and H; as analyte gases, which
are mainly produced by failed Li batteries. And the gas sens-
ing performances were investigated via the DC current signal,
AC impedance, 8 and D signals at different frequencies. A
similar AC signal response of an IDE sensor device has been
reported in our previous work.?? Figure 2 shows the relative
DC and AC signal variations of one sensor device to various
analyte concentrations (200, 160, 120, 80, 40, and 20 ppm of
DEC, DMC, and PC, respectively; 200, 150, 100, 50, 10, and
5 ppm of Hy).
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Fig. 2. Continuous response characteristics to different gases. DC current relative change (I/1) to a) DEC, (b) DMC, (¢) PC and (d) H,. AC impedance
relative change (Zy/Z) at the frequency of 100 Hz to (e) DEC, (f) DMC, (g) PC, and (h) H,. AC impedance relative change (Zy/Z) and 8 relative change
(69/0) at the frequency of 1 kHz to (i) DEC, (j) DMC, and (k) PC. AC impedance relative change (Zy/Z), 6 relative change (6y/6), and D relative
change (D/Dy) at the frequency of 10 kHz to 1) DEC, (m) DMC, (n) PC, and (0) H,. Here, Iy (Zy, 6y and Dy) and I (Z, 6 and D) are the sensor DC
current (AC impedance, phase angle, and dissipation factor) in ambient air and the real-time value in analyte gas, respectively.

Under DC mode, upon exposure to each analyte, the sen-
sor current increases rapidly, and then decreases back to the
original baseline when the analyte is off. DEC, DMC, PC
and H; are all electron donors. Each of the analytes adsorbed
on the n-type SnO; surface could contribute electrons to the
conduction band of SnO,, leading to an increase in the con-
centrations of the majority of electron carriers, consequently
increasing the current of the SnO, device.

Under AC mode at the frequency of 100 Hz, only an
impedance response could be detected for each analyte. No-
tably, at AC frequency of 1 kHz, both impedance and phase
angle (0) responses to DEC, DMC, and PC are obvious, but
At AC frequency of 10 kHz, all the
impedance, 0, and dissipation factor (D) responses to DEC,

no responses to Hj.

DMC, and PC are excellent, while only an impedance re-
sponse to Hp could be detected. Interestingly, the sensor
impedance decreases quickly when exposed to each analyte,
at different AC frequencies, and then quickly increases back

to the original baseline when the analyte is off. Moreover, the

phase angle has the same response and recovery trend, while
the D has the opposite response and recovery trend to each an-
alyte. A detailed explanation will be given in the following
section.

Figure S2 shows that the gas response values increase as
each analyte concentration increases. According to reported
electrochemical gas sensors, the response could be empirically
linearly expressed as[?*!

In(response) = Ina+ bInC,

where C represents the analyte concentration, and a and b are
constants, depending on the type of gas sensor and sensing
material. Figure 3 displays linear plots of logarithms of the
response value as a function of the logarithms of each analyte
concentration under different modes, except for the impedance
response to Hy at 10 kHz. A similar linear relationship is seen

t.[24] The relative parameters (slope, inter-

in a previous repor
cept, and R?) of each fitting equation are summarized in Ta-

ble 1.
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Fig. 3. The relationship of response values vs. concentration in logarithmic terms for different gases. DEC: (a) DC current, (b) AC impedance at the
frequency of 100 Hz, (c) AC impedance and 0 at the frequency of 1 kHz, (d) AC impedance, 6 and D at the frequency of 10 kHz. DMC: (e) DC current,
(f) AC impedance at the frequency of 100 Hz, (g) AC impedance and 6 at the frequency of 1 kHz, (h) AC impedance, 6 and D at the frequency of
10 kHz. PC: (i) DC current, (j) AC impedance at the frequency of 100 Hz, (k) AC impedance and 6 at the frequency of 1 kHz, (1) AC impedance, 6
and D at the frequency of 10 kHz. Hy: (m) DC current, (n) AC impedance at the frequency of 100 Hz, (0) AC impedance, 6 and D at the frequency of
10 kHz. The symbols are response values; the lines are the fitting of response values vs. concentration.

Table 1. Slope, intercept, and R* values of the fitting equations of response vs. concentration for different gases under DC and AC dual modes.

Analyte gas Parameters DC-current AC-100 Hz AC-1 kHz AC-10kHz
6 z D [°]
slope 0.42731 0.36962 0.37532 0.37135 0.23043 0.29921 0.20401
DEC intercept 0.07851 0.68387 0.73479 0.7458 1.22798 0.85725 1.27225
R? 0.88011 0.99036 0.99335 0.94412 0.96935 0.99435 0.98272
slope 0.36817 0.3416 0.36531 0.33254 0.50813 0.48816 0.42507
DMC intercept 0.47468 0.54246 0.64702 0.68773 -0.15326  -0.16314 0.14677
R? 0.99756 0.99574 0.98367 0.94197 097114 0.98175 0.91323
slope 0.15946 0.15725 0.16294 0.127 0.28948 0.27714 N.A.
PC intercept 0.14599 0.58848 0.64014 0.6479 0.05747 0.09068 N.A.
R? 0.93059 0.52691 0.6176 0.63015 0.8975 0.78358 N.A.
Slope 0.2396 0.28512 N.A. N.A. 0.41134 N.A. N.A.
H> intercept 1.45833 1.64665 N.A. N.A. 0.47853 N.A. N.A.
R? 0.9874 0.98291 N.A. N.A. 0.70223 N.A. N.A.

Moreover, a comparison of response values to different analytes (200 ppm DEC, DMC, PC, and H,) under different modes
is shown in Fig. 4. Obviously, for different signal modes, the selectivity of the sensor to the various analytes is different. The
different selectivity enables various analyte recognition using one device.
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In contrast to the operating principle of the DC current
mode, the AC responses (including Zy/Z, 6y/6, and D/Dy)
are closely related to not only the conductivity of the sens-
ing layer, but also the permittivity of the sensing material and
analytes.!'?] The equivalent circuit of the SnO, sensor with
IDEs could be simply regarded as a typical Randles circuit, as
depicted in Fig. 5. Here, R and Cj represent the time-constant
resistance and capacitance of the SnO, layer, respectively. The
parallel circuit element (R; || C2) corresponds to the resistance
and capacitance of gas-dependent interfaces, which dominate
the AC responses of the device.!!?? The Warburg impedance,
ascribed as Z,,, is as a result of the gas diffusion process, and
only observed in the low-frequency regime (< 10 kHz).[?>-%7]
The imaginary and real parts of impedance can be described
by

2 2
Zimagina.ry = wR21 C; 5] — wRZZC; 5) (D
1+ @2R2CY 1+ 0?R2C2
R Ry
Zreat = R @

+ + ;
T+ 0RC T 11 0’RC
where @ represents the AC frequency.!'>>] The tested
impedance value is calculated as follows:

7 =./72

2
imaginary + Zreal' 3)
According to the Mott—Schottky equation, the capacitance of

Sn0, can be calculated as?%!

Lo (o “
C?2  egyeA2Ny B )

where € is the relative permittivity (dielectric constant), & is
the vacuum permittivity, e is the electron charge, Ny is the ma-
jority carrier concentration, E is the applied electrical poten-
tial, k is the Boltzmann constant, and 7 is the absolute temper-
ature.

The phase angle (0) can be calculated by the following

equation:
Z. .
6 = arctan (magmary> . (®))
Zreal
The dissipation factor D can be calculated by the following
equation:
Z
p=_ (6)
Zimaginary

Upon exposure to the analytes of electron donors, under
AC modes, electrons will contribute to the SnO, surface due
to analyte adsorption, and will result in a decrease in the gas-
dependent interface resistance R,. Beyond this, changes in the
dielectric properties of analyte-dependent interfaces in a fixed
frequency could also contribute to the impedance responses,
according to Egs. (1)—(4). The permittivities of DEC, DMC,
PC and H, are 2.805, 3.107, 64.92 and 1, respectively.!*’]
Based on reports, the gas-dependent interface capacitance C;
mainly relies on the dielectric constants of analytes./?>-3]
Hence, C> has no significant effect on the AC responses of
SnO; to DEC and DMC, due to their low permittivities. But
for PC with high permittivity, C; generates an obvious AC re-
sponse improvement, except for the 6 response at 10 kHz.

R Ry
Ry
c cy D

Fig. 5. The AC equivalent circuit of the SnO, sensor. R( represents phase
constant contact resistance. The parallel circuit element (R; || C;) represents
capacitance and resistance of the SnO; sensing layer. The parallel element
(R2 || Cp) is the equivalent resistance and capacitance of the analyte-gas-
dependent interface. The Warburg impedance is described as the Z,,.

Furthermore, the only detected Z response to each ana-
Iyte at 100 Hz indicates that electronic resistance properties
of gas-dependent interfaces mainly controls the sensing re-
sponse. When the frequency increased to 1 kHz, an obvious
capacitance effect appears, resulting in the detected Z and 6
response; when the frequency further increased to 10 kHz, an
additional D response could be detected with more capacitance
effect (Figs. 2-3).

Interestingly, the impedance response of Hp at 100 Hz
was increased dramatically compared to the DC current re-
sponse, although the permittivity of Hj is also small. Ac-
cording to previous reports, it is proposed that the chemical
species induced by H, adsorption enhances the AC impedance
response at the low frequency of 100 Hz, via generation of a

polarization potential in the H,—SnO, interface.!'>3!-32 When
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the AC frequency increases to 1 kHz, no AC impedance-
related parameter responses to Hy could be detected. A sim-
ilar sharp response decrement with the frequency increasing
has previously been reported.3!:*?1 When the AC frequency
further increases to 10 kHz, quick diffusion of H, plays an im-
portant role, with more capacitor effects (Zy,) due to the small
molecular size, resulting in a non-linear impedance response
to concentration.

3.3. Principal component analysis

PCA is a commonly used effective method in exploratory
data analysis and classification. In the present work, differ-
ences in the various parameter responses to each analyte pro-
vide the possibility of multi-gas recognition based on one de-
vice. Utilizing Python and the PCA function in the Sklearn
Library, the database was projected into a 2D plane. Visualiza-
tion in a two-dimensional graph in Fig. 6 reveals that the elec-
trolyte vapors and H, are actually and clearly discriminated.
The mathematic derivation in the PCA code is attached in the
supporting information. The cumulative variance of the prin-
cipal components of over 97% (PC1 90.48% and PC2 6.52%)
indicates that the major information is maintained from the
raw database.

PCA Variance
i . (a) (b)
70T
6 L
60 [
x4 50 |
[a\]
0
S 2F 40
o
ol o8 301
[ ] 20 L
[ ]
—2re oo ‘
) 101
]
—4r o ® ot
—40 —30 —20 —10 0 2 4 6 8
PC1 90.48%

Fig. 6. (a) PCA-assisted classification and regression of electrolyte va-
pors (red dots) and H, (black dots). (b) Nine characteristic values of the
covariance matrix for PCA.

4. Conclusions

In summary, smart and clear classification of electrolyte
vapors and Hj has been realized using a single common SnO,
sensor, by combining DC current signals and AC impedance-
related signals. Due to the dielectric properties of analytes, the
SnO; sensing layer, and the analyte adsorption on the SnO,
surface, diverse sensing parameters were obtained under DC
and AC dual test modes, which enable the single sensor to
build signature-difference patterns for tested gases via PCA
analysis. The accurate distinction of electrolyte vapors and Hy
would contribute to the monitoring of the operating conditions
of LIBs. This robust method for the classification and recog-
nition of various chemical vapors using an individual device

paves the way toward applications in intelligent identification
of multi-gas with very few sensors.
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