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A Nafion-based amperometric sensor utilizing Pt-Sn/C sensing electrode was developed to realize the effective
detection of H,S at room temperature. We compared the morphology and gas-sensing properties of two kinds of
Pt/C materials prepared by the sodium borohydride reduction method and the ethylene glycol method and found
that the latter was significantly better. Pt-Sn/C prepared by the latter method has a uniform morphology and
high catalytic activity and achieves efficient detection of H,S. The sensor could detect 0.2-100 ppm H,S linearly
with a sensitivity of 0.276 pA/ppm. More importantly, the response-recovery time to 50 ppm H,S was 10 s and

8s, which signified a very fast rate. Furthermore, the device also exhibited superior selectivity and long-term
stability. Such a device has a good application prospect because of its many advantages.

1. Introduction

Hydrogen sulfide (H,S), as one of the most common toxic gases, is
mainly found in oil fields, sewage wells, volcanic gas, natural gas, and
well water [1,2]. As a strong neurotoxic agent, H,S is colorless, flam-
mable, corrosive, and with the especial foul smell of rotten eggs [3].
When the human body inhales H,S into the respiratory tract, the mu-
cous membrane will be strongly stimulated, and even the central ner-
vous system will be deprived of oxygen, causing serious consequences
such as suffocation, which poses a great threat to human health [4].
According to the standards of OSHA, 10 ppm is the permissible ex-
posure limit and 20 ppm is the acceptable ceiling concentration.
Therefore, it is important to develop a portable and fast-responding H,S
sensor with high selectivity, stability, and sensitivity.

At present, most of the sensors for detecting H,S use metal oxide
semiconductors as sensing materials, such as ZnO [5,6], SnO, [7,8],
CuO [9], MoO5 [10], and Fe,O5 [11]. Such sensors are low in cost,
small in size, and high in sensitivity, but they also have disadvantages
such as poor selectivity and slow recovery. In order to improve se-
lectivity, composite metal oxide semiconductors have gradually at-
tracted the attention of researchers. By synthesizing CuWO,4 and NiO
supported by SnO,, Stanoiu et al. [12] and Kaur et al. [13] greatly
improved the selectivity of the sensor while ensuring high sensitivity.
The CuO-In,O3-based sensor reported by Lee et al. [14] responded to
5ppm H,S by as much as 1.16 x 10° at 150 °C, while the responses to
other interfering gases were negligible. Yeh et al. [15] used CuO na-
noparticles modified V,0s nanowires to greatly reduce the response to
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interfering gases CO and NO,. However, the response and recovery time
of such sensors is still relatively long, making it difficult to achieve real-
time detection of H,S. There is also a class of H,S sensors that use
optical or photoacoustic principles. They have high detection accuracy,
but the structure is complex and bulky and thence it is also difficult to
realize portable and real-time detection of H,S [16-18]. Therefore, it is
necessary and urgent to develop an intrinsically safe, fast response-re-
covery H,S sensor with high selectivity, sensitivity, and stability.
Nafion is a proton exchange membrane invented by DuPont Co. in
the late 1960s. The proton conducting channels are formed inside the
Nafion membrane when it is sufficiently hydrated so that the Nafion
exhibits high proton conductivity [19]. Due to the chemical and me-
chanical stability, Nafion is widely used as the electrolyte in PEMFC. In
recent years, amperometric gas sensors based on Nafion have been
widely reported. The detection principle of this type of sensor is shown
in Fig. 1. The gas to be tested reacts electrochemically at the anode side.
The protons generated can transfer to the cathode side through the
Nafion membrane, while, the electrons can only transfer through an
external circuit. Afterward, protons and electrons react with oxygen to
form water at the cathode side. Therefore, the concentration of the gas
to be measured can be obtained by detecting the value of the short-
circuit current. No bias voltage is applied to the whole process, and a
current signal can be generated as long as the gas enters. Mochizuki
et al. used this principle to prepare an amperometric CO sensor, which
achieved linear detection in the range of 0—-3000 ppm without applied
voltage [20]. Rahman et al. used this structure to study the application
of power-generating fuel cell electrode materials and monitoring
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Fig. 1. Schematic diagram of a fuel cell type sensor.

methods to breath alcohol sensor [21]. Compared with the resistive
sensor, this working mode without applied voltage avoids polarization,
reduces power consumption, and has a simple structure and accurate
output signal. Based on the above foundation, our research group re-
ported an amperometric CO sensor and got good results [22,23]. This
new type of amperometric gas sensor has the advantages of zero power
consumption, environmental friendliness, and intrinsic safety, which
has attracted increasing attention from researchers. Currently reported
Nafion-based gas sensors are mainly used to detect alcohol [21,24], CO
[20,25], SO, [26], NO [27,28], NO, [29], O, [30,31], and H, [32-34],
but there are very few reports on H,S. Therefore, Nafion-based high-
performance H,S sensors are well worth studying.

In our previous work, Pt-Rh/C was used as an electrode material to
detect H,S and achieved good performance [35]. The sensor had a
sensitivity of 0.191 pA/ppm and had good selectivity. Carbon was used
as a support in the electrode material, which is widely used in the
preparation of PEMFC catalysts. On the one hand, the use of carbon can
reduce the amount of precious metal used, and more importantly, the
carrier affects the dispersion, stability, and utilization of the catalyst,
which is an indispensable part. Carbon fiber (CF) used in this work is
resistant to high temperature, corrosion, creep and excellent electrical
conductivity. Therefore, we chose it as a carrier to prepare sensing
electrode materials with a loose structure and high stability. Moreover,
in the work of Guan et al. [23], CF has also proven to be the best
support. However, there are also disadvantages that metal nano-
particles (NPs) are easy to aggregate and costly. In order to obtain a
better morphology, increase the sensitivity of the sensor and reduce the
manufacturing cost of the sensor, in this article, we improved the pre-
paration method and replaced Rh with a relatively inexpensive and
readily available Sn. The reason why Sn is chosen mainly is based on
the following three aspects. First, Sn is a commonly used gas sensitive
material. There have been many reports on the modification of Sn in
materials to improve the gas sensing performance [36-38]. Second, it
has been reported in the literature that Pt-Sn is applied to the catalytic
oxidation of methanol [39,40], ethanol [41,42], and the
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dehydrogenation of propane [43,44]. We speculate that the application
of this material to H,S detection can also get better performance. Third,
according to Gwebu et al. [45], the incorporation of Sn does not ad-
versely affect Pt but rather increases the catalytic activity of the ma-
terial.

In Gonzilez-Quijano and Lépez-Sudrez’s works [46,47], they re-
ported the effects of specific experimental parameters on the catalytic
oxidation of ethanol in the process of preparing Pt-Sn/C using the
ethylene glycol process. While, in this work, we compared the materials
prepared by the ethylene glycol method with the sodium borohydride
reduction method and found that the former was significantly better.
Next, we fabricated a Nafion-based fuel cell type H,S sensor using Pt-
Sn/C prepared by ethylene glycol method and studied the gas sensing
characteristic in detail. Such bimetallic catalyst is capable of improving
the poor selectivity of a single Pt catalyst. We characterized the pre-
pared electrode material and analyzed the sensitive mechanism of the
sensor, and discussed the sensing properties. It was found that it ex-
hibited superior selectivity, high sensitivity, fast response-recovery
rate, and good long-term stability.

2. Experimental
2.1. Electrode material synthesis

Pt-Sn NPs supported on CFs were synthesized following the ethylene
glycol method [48,49]. Appropriate amounts of PtCl, (Aikeda Chemical
Reagent Co., Ltd.) and SnCl, (Xigiao Chemical Co., Ltd.) were weighed
into a beaker, wherein the weight ratio of Pt and Sn was 1:1. Adding a
certain amount of CFs (Kejing Carbon Fiber Co., Ltd.) made the weight
ratio of CFs to metal 4:1. Then, ethylene glycol (Beijing Chemical
Works) was poured into the beaker as a solvent and a reducing agent.
The suspension was thoroughly stirred at room temperature and the pH
was adjusted to 11. Next, raised the temperature to 160 °C under an N,
atmosphere and then reacted for 3 h. After that, the mixture was filtered
and dried at 80 °C and treated under N, flow for 1h at 250 °C. The
prepared catalyst was labeled as Pt-Sn/C (EM,). Two kinds of 10% Pt/C
prepared using sodium borohydride reduction method [35] and ethy-
lene glycol method were used for comparison, labeled as EM, and EM,,.

2.2. Sensor fabrication

Fig. 2(a) is the schematic diagram of the fabricated device. It
comprises a gas diffusion cap, a membrane electrode assembly (MEA,
including sensing electrode, Nafion membrane, and counter electrode),
an isolation disc, and a water container. H,S diffuses into the interior of
the sensor from the pores of the cap and electrochemically reacts on the
MEA. The water in the container is used to maintain the humidity re-
quired for the Nafion membrane to function properly. MEA, the core
part of this sensor, its preparation process can be found in our previous
work [35]. Fig. 2(b) is the actual image of the device. Sensors fabricated
using EM,, EM,,, and EM, were labeled as S,, Sy, and S, respectively.

The crystalline structure was analyzed using X-ray diffractometer

Fig. 2. (a) Schematic diagram of the fabricated sensing device; (b) The actual image of the device.
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(Rigaku wide-angle X-ray diffractometer with CuKa radiation at
0.1541 nm, 0.2°/s). Field emission scanning electron microscope (JEOL
JSM-2100F) and high-resolution transmission electron microscope
(JEOL JEM-2100 F) operated at 200 kV were used to observe the sur-
face morphology. Energy dispersive spectrometer (EDS, TEDS-
X0100TLE) was used to study element distribution and content of the
catalyst powder.

Electrochemical workstation (CHI611C, Shanghai Instrument
Corporation, China) was used to study the sensing performance. In
order to get different concentrations of H,S, we diluted a certain
amount of 1% H,S with air in a bottle. The short-circuit current of the
sensor is I, in air and I, in H,S. We define the difference between I, and
I, as the response current (AI). Al-t curves of this H,S sensor were
measured without giving a potential between the anode and cathode.
The response and recovery times are defined as the time required to
reach 90% value of Al The sensitivity is defined as the slope of the line
fitted by Al and H,S concentration. All results were obtained under
laboratory condition.

3. Results and discussion

Fig. 3 shows the X-ray diffraction patterns of the prepared materials.
For EM, and EM,, the diffraction peaks located at 26 = 39.8°, 46.3°,
67.5°, 81.3°, and 85.7° correspond to the Pt cubic structure (JCPDS Card
No. 4-802). It is worth noting that the characteristic peaks of EM,, are
wider, indicating that the particle size of the metal NPs is smaller. For
EM,, it can be seen that the catalyst is a multiphase component, in-
cluding Pt, Pt3Sn and a small amount of SnO,. These results are con-
sistent with reports by Roca-Ayats and Lépez-Sudrez et al. [47,48].
According to Antolini et al. [50], the coexistence of different Pt-Sn
phases may not weaken the performance of the catalyst, and con-
versely, even increase the activity.

The morphology of the above electrode materials is shown in Fig. 4.
Fig. 4(a), (c) and (e) are the FESEM images of EM,, EM,, and EM,, and
Fig. 4(b), (d) and (f) are the HRTEM images of EM,, EM,;, and EM,,
respectively. From Fig. 4(a) and (b) we can see that the agglomeration
of Pt NPs was very serious and most of the CFs surface was exposed, and
few particles were carried on it. The average size of the Pt NPs was
5.3nm. For EM,, the agglomeration of Pt NPs was significantly im-
proved, and Pt NPs were uniformly supported on the surface of CFs as
shown in Fig. 4(d). The average size was 3.2 nm. For EM,, as shown in
Fig. 4(e) and (f), the surface of CFs was uniformly covered with Pt-Sn
NPs, and the surface was rougher than EMy, in which more active sites
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Fig. 3. XRD patterns of sensing materials synthesized.
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were exposed. The average size of the Pt-Sn NPs was 3.2 nm, which was
consistent with the results obtained in the XRD patterns. We also used
EDS to study the element distribution of the electrode materials and the
results are shown in Fig. 5. It can be seen from Fig. 5(a) to (c¢) that the
aggregation of Pt NPs in EM, is very serious, while, in EM,, the dis-
tribution of particles had been greatly improved. Furthermore, the EDS
measurement confirmed that the C, Pt and Sn elements were coexisting
and uniformly dispersed in Fig. 5(g)-(j). According to Rodriguez’s work
[51], the polyol method would assure a stronger interaction between
the support and the metallic precursor during the deposition-reduction
in the liquid phase, leading to higher dispersions of the metallic phase.
Therefore, we obtained NPs with smaller particle size and more uniform
distribution by ethylene glycol method, which is obviously superior to
sodium borohydride reduction method.

In order to clarify the effect of the added Sn on the microstructure
and sensing performance of the electrode material, we performed BET
tests on EM;, and EM.. It can be seen from Table 1 that the BET surface
area of EM_ is nearly 4 times larger than that of EMj,. In other words, the
addition of Sn significantly increases the surface area of the material,
which means that more active sites are exposed, and it will increase the
sensitivity of the sensor.

To examine the sensitivities of S,, Sy, and S., we measured the re-
sponse currents of these sensors to 1-50 ppm H,S and the results are
shown in Fig. 6. The sensitivity of S is the highest, reaching 0.276 nA/
ppm, followed by S, and finally S,, only 0.168 pA/ppm. These results
are in good agreement with our speculation.

Here, we analyze the sensing mechanism of the sensor. According to
the report by Gaidi et al. [52], the possible oxidation reactions of H»S
on the sensing electrode side are as follows:

Pt-H,S.4s, — Pt-SHags, + HT + e~ 1)
Pt-SH,4s — Pt-S,qs. + HY + e~ )

Due to the presence of SnOy, the following reactions are equally
likely to occur [53]:

Oz + 267 — 20y 3)

HjS(g) + 30(ads) — SOz + HaOy + 3e™ 4)
The reaction on the counter electrode is as follows:

2H" + 1/20, + 2e~ — H;0 )

Protons generated by the reaction on the sensing electrode side are
transported to the counter electrode through the Nafion, and electrons
can only be transported through the external circuit. Thus, the short
circuit current of the sensor corresponds to the concentration of H,S.

The highest sensitivity of Pt-Sn/C is mainly due to the following
three reasons. First, a uniform morphology ensures good contact of the
electrode material with the Nafion membrane, allowing protons and
electrons produced by reactions (1)-(4) to pass smoothly. Second, the
bimetallic electrode material has a higher catalytic activity than pure
Pt. Rodriguez et al. [51] examined the electrochemical active surface
(EAS) and H, chemisorption values of the above three materials (Pt/C
(NaBH,), Pt/C (EG), Pt-Sn/C (EG)) and found that the Pt-Sn/C prepared
by the ethylene glycol method has the highest value. This may be due to
a decrease in particle size and the presence of geometrical/electronic
effects of the promoter on Pt site. At the meanwhile, this catalyst has a
good CO tolerance and important stability determined by chron-
oamperometry measurements. Gwebu et al. [45] conducted a series of
electrochemical tests and proved that the Pt-Sn/C electrocatalyst ex-
hibited high current densities and lower poisoning rates compared to
the Pt/C. On the other hand, the addition of Sn makes the reactions (3),
(4) happen, and the resulting electrons also contribute to the increase in
sensitivity. Third, the multiphase components including Pt, Pt3Sn, and
SnO,, also contribute to the catalytic activity of the electrode material.
Antolini et al. proposed a model validated by experimental data to
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Fig. 4. FESEM and TEM images of EM, ((a), (b)), EM,, ((c), (d)), and EM. ((e), (D).

Table 1
The BET surface areas and average pore diameters of EM;, and EM..

Sample BET Surface Area(m?/g) Average Pore Diameter(nm)
EM, 2.99 23.78
EM, 11.77 9.14

predict the performance of a single direct ethanol fuel cell by varying
the degree of alloying of the Pt-Sn/C catalyst used as the anode mate-
rial. For partially alloyed catalysts (Pt,Sn phase alloy and Pt-SnO,), the
model predicts a maximum MPD (maximum power density), which will
be more beneficial to the gas catalytic reaction. Besides, Ghimbeu and
Dong et al. reported SnO,-based and Pt-SnO»-based H,S sensors and the
sensors showed good performance, including high response and fast
recovery time [54,55], which indicates that the presence of SnO, in our
multi-system materials may contribute to the catalytic reaction of H,S.
Although multiphase mixed Pt-Sn/C catalysts (including Pt, Pt3Sn, and
SnO,) are usually obtained using the polyol method [56-58], we have
achieved high sensitivity detection of H,S using the multiphase com-
ponents of the catalyst, which is exactly what we want. In summary, we
believe that prepared Pt-Sn/C is the best sensing electrode material.
Next, the detailed gas-sensing properties of S, were investigated.

y=-0.168x+0.018
y=-0.203x+0.082

a5F
/
-10.0 y=-0.276x+0.153
SI
125 ——S,
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BT I R T ST S
0 10 20 30 40 =0
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Fig. 6. Comparison of the sensitivity curves for S,, Sp, Sc.

Fig. 7(a) shows the response-recovery curves to different H,S con-
centrations. The sensor was placed in the air and H,S for both 200s. It
is obvious that Al increases as the concentration of H,S increases. When
the concentration of H,S is 50 ppm or less, Al can reach a stable value.
When it reaches 100 ppm, AI continues to drop and cannot reach a
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Table 2
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S. to (a) 50 ppm H,S and (b) 5 ppm H,S.

Comparison of the sensing performance of the present work and that of devices reported in the literature.

Sensing electrode Working temperature (°C) H,S Concentration (ppm) Response/Recovery time (s) Low Detection Limit (ppm) Ref.
La,yNiOy4 500 0.5 70/60 0.02 [59]
TiNT film 300 50 22/6 1 [60]
Ag- CaCu3TisO12 250 10 5/850 0.2 [61]
a-Fe,03 135 5 10/45 1 [62]
Ag-In,03 25 20 84/186 0.005 [63]
NiO 25 48.5 6.54/9.5 0.485 [64]
Pt-Sn/C 25 50 10/8 0.2 Our work
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Fig. 9. The Continuous response-recovery curve of S, to (a) 50 ppm H,S and (b) 5 ppm H,S.

constant value. At this point, the concentration of H,S has reached
saturation for the sensor. The response-recovery characteristics at low
concentrations are shown in Fig. 7(b). The low detection limit is
0.2 ppm, which is 0.1 ppm higher than our previous work [35]. This is
mainly because that the reaction of the gas at the sensing electrode is
primarily controlled by the diffusion process at very low

concentrations, and the most important factor affecting gas diffusion is
the pore size of the electrode material. According to the BET test results,
the average pore diameter of EM. is 9.14 nm, which is 43% lower than
the electrode material prepared in our previous work. The smaller the
pore size, the tighter the particle packing is, which is not beneficial to
the diffusion of gas molecules, and the response signal is also greatly
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Fig. 12. Long-term stability of S. toward 50 ppm H,S.

affected at such low concentration, so the detection limit becomes high.
When the concentration of H,S is high, there are enough gas molecules
to reach the active site, and the response signal is no longer controlled
by the diffusion process. Although the low detection limit is slightly
increased, the sensor can still detect low-concentration HsS in extreme
environments.

Current-time curves of the sensor to 50 ppm and 5ppm H,S are
shown in Fig. 8. The response value of the sensor toward 50 ppm H,S is
13.90 pA. As can be seen from the figure, the 90% response and re-
covery times to 50 ppm H,S are 10 s and 8 s, and the times to 5 ppm H,S
are 11 s and 8s, respectively. Such a short response-recovery time is a
major advantage of the sensor. Due to the strong polarity of H,S

molecules, it is difficult to desorb on the surface of the electrode ma-
terial. Obtaining such a good result is especially rare for H,S sensors
operating at room temperature. Table 2 gives the main performance of
the H,S sensor reported in the last two years. It can be seen that our
paper performs well especially in terms of operating temperature and
response-recovery time.

To further study the sensing performance, the continuous response-
recovery curves to 50 ppm and 5 ppm H,S are shown in Fig. 9. It can be
seen from Fig. 9(a) that AI does not change significantly in the first six
cycles. Starting from the seventh cycle, Al increases slightly, but the
change is less than 15%. This is mainly because as the number of cycles
increases, the response of the sensor takes longer to return to the initial



X. Yang, et al.

value (I,). And in Fig. 9(b), the response to 5ppm H,S fluctuates
slightly during the first five cycles but is very stable in subsequent tests.
In summary, the sensor exhibits acceptable repeatability and can
achieve continuous detection toward H,S.

Selectivity is another important indicator. There, Als of S, and S, to
a variety of interfering gases (CO, SO,, NO,, NH3, H,, formaldehyde,
acetaldehyde, methanol, ethanol, acetone, toluene, and triethylamine)
are shown in the Fig. 10(a). For pure Pt, the addition of Sn significantly
improves the selectivity of the sensor, especially the response to CO and
SO,. We also added the selectivity of the sensor at low concentrations
(5 ppm) in Fig. 10(b). We can see that the Al of S. to H»S is significantly
higher than others, which shows superior selectivity and has a good
application prospect. According to Hsieh et al. [65], CO adsorption
mainly occurs on Pt sites, while OH formation would take place pre-
ferentially on the Sn sites. Thus, the introduction of Sn offers one
pathway to strip CO from the Pt-CO sites, thereby suppressing the re-
sponse to CO. We speculate that the response to SO, is extremely low
for similar reasons, and the detailed mechanism needs to be further
discussed.

Fig. 11 shows the response currents of the sensor to 50 ppm and
5 ppm H,S at different relative humidity. As RH increases, Al basically
shows a decreasing trend. We speculate that this is because when the
relative humidity is high, water molecules will affect the adsorption of
H,S on the surface of the electrode material. Here, the error curve% is
calculated as follows: Alero,% = |AI-Aly|/Alp X 100%, where Alp and Al
are the current values in the first cycle and in the given humidity, re-
spectively. It can be seen that Al changes no more than 10% in the
range of 20%-98% RH toward 50 ppm H,S, which shows good hu-
midity resistance. At low concentrations of H,S, the amount of change
in Al reaches 18.5%, which is something we need to improve in future
work.

Long-term stability is another important indicator of whether a
sensor can be commercialized. At the end of the work, Al of the sensor
to 50 ppm H,S over 31 days is given in Fig. 12. The responses were
measured every other day. During the 31-day test period, we can see
that the response of the sensor varies over a very narrow range and no
significant decline is observed. The response-recovery curves of the
sensor on days 1, 17, and 31 are also given. It can be seen that the
response-recovery characteristics of the sensor hardly changed during
the test period, which exhibited good stability.

4. Conclusion

To sum up, we compared the Pt/C prepared by the sodium bor-
ohydride reduction method and the ethylene glycol method and se-
lected the latter to synthesize the Pt-Sn/C electrode material. The Pt-
Sn/C was used for constructing the Nafion-based amperometric gas
sensor to realize highly selective and stable H,S detection at room
temperature. The gas sensing measurement results showed that the low
detection limit was 0.2 ppm, and the response value toward 50 ppm H,S
was 13.90 pA at room temperature. The typical 90% response-recovery
time to 50 ppm H,S was 10s and 8s. The sensor also exhibited good
long-term stability, acceptable repeatability, and humidity resistance.
During the 31-day test period, there was no significant decrease in the
response of the sensor and the fluctuation was less than 9%. The re-
sponse of the present device to H,S was also much more than that of
other interfering gases, which displayed superior selectivity. Therefore,
based on the above results, we think this sensor present the significant
potential application value in real-time monitoring of H,S monitoring
at room temperature.
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