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Abstract: Soluble noble metal salts are widely used for loading noble metals as nano-catalysts in
many applications. In this paper, Pt-5SnO2 composite nanoceramics were prepared from SnO2 nano-
particles and H2PtCls using two Pt-loading methods separately: For the solution reduction method,
the H2PtCls solution was added to a suspension of SnO:z and zinc powder to form Pt on SnO:z nano-
particles; and for the impregnation method, Pt was formed from H2PtCls in the course of sintering.
Although a series of samples prepared using both Pt loading methods showed a strong response to
H: at room temperature, the ones prepared using the solution reduction method exhibited much
better room temperature hydrogen sensing characteristics. For two samples of 0.5 wt% Pt and sin-
tered at 825°C, the response value for the sample prepared using the solution reduction method was
5300 to 1% H2-20% O2-Nz, which was much larger than that of 150 for the sample prepared using
the impregnation method. Samples prepared using the two Pt loading methods have similar micro-
structures as characterized by XRD, FESEM, EDS, TEM, and HRTEM. However, the residual chlo-
rine content in those using the impregnation method was found to be higher than that using the
solution reduction method through analysis. It is proposed that the striking difference in the room
temperature hydrogen sensing characteristics among samples prepared using these two different Pt
loading methods separately resulted from their different chlorine removal process. This study
demonstrates the importance of a proper method in loading noble metals from their soluble salts as
nano-catalysts in many applications.
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1. Introduction

In recent years, gas sensors have been widely used in industrial production, environmental mon-
itoring, healthcare, home safety, and many other fields [1-3]. Among various types of commercial gas
sensors, the one based-on metal oxide semiconductors (MOSs) is especially attractive due to its low
cost, simple structure, and easy operation [4-6]. Commonly used MOS materials are classified as n-
type (e.g. SnOz, ZnO, WO;s, etc.) and p-type (CuO, NiO, CosOs, etc.), of which SnO: has long been
successfully commercialized as the most popular material [7]. In spite of these advantages, commer-
cial gas sensors based-on SnO:z thick films all have a major disadvantage of high operating tempera-
tures (200-400°C), which has prevented them from some important applications [8,9]. For example,
high operating temperatures are a major safety hazard for the detection of clean energy H: during
production, application, transport, and storage [10]. Therefore, the development of low-temperature
metal oxide semiconductor gas sensors has always been an important goal in gas sensor research.
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To develop MOS gas sensors with lower operation temperatures, researchers have modified
MOS materials through changing material morphology [11], doping with metal ions [12], loading
with noble metals [13], and/or constructing hetero-junctions [14]. Among these measures, noble metal
loading has been proven to be especially effective in improving the gas-sensitive properties of MOSs.
For examples, Fan et al. showed a response value of 2.5 times higher than that of pure SnO: to 100
ppm ethanol at 240°C by loading 2 wt% Pt on pure SnO:z nanosheets [15]. Wang et al. observed tem-
perature-modulated double selectivity for CO at 130°C and CHs at 240°C by preparing Ag-loaded
ZnO microspheres [16]. Zhu et al. demonstrated extraordinary gas sensitivity to CO at room temper-
ature by preparing Pd-SnO: composite nanoceramics [17]. It is generally believed that catalytic noble
metals are able to promote the decomposition of gas molecules, reduce the activation energy of gas
adsorption and reactions, and thus decrease the operating temperature of MOS gas sensors.

Soluble noble metal salts (e.g. H2PtCle-6H20, PdCl2, HAuCls-4H2O, Pd(NHs)2(NO2)2) are widely
used to load noble metals on MOSs. In some researches, MOSs were simply immersed in solutions of
noble metal salts and the loading of noble metals on MOSs was fulfilled through subsequent heat-
treatments [5,18-25]. While in other researches, some reducing agents (e.g. NaBHs, CsHsOs) [26-30] or
metals (e.g. Zn) [17,31]were added to solutions of noble metal salts dispersed with MOSs to realize
the loading of noble metals on MOSs through a solution reduction process, such as the loading of Pt
through the addition of Zn [31]:

27n+Pt*" — Pt+27Zn*", (1)

Obviously, two quite different methods have appeared for loading noble metals on MOSs in the
literature, which are termed as the impregnation method and the solution reduction method sepa-
rately hereafter. Up to date, both methods have been widely adopted to load noble metals on MOSs
to improve their gas sensing performance, while almost nobody has paid any attention to making a
choice between these two methods to achieve a better effect, or nobody is sure if there is any differ-
ence between these two methods.

In recent years, a number of advances have been made by investigating the room-temperature
gas-sensitive properties of composite noble metal catalyst-metal oxide nanoceramics prepared by
conventional pressing and sintering. Among them, Pt-SnOz composite nanoceramics have been well
studied with regard to their room temperature hydrogen sensing characteristics [13,32-34]. In this
study, Pt-SnO:2 composite nanoceramics were prepared with Pt loaded from chloroplatinic acid using
two methods, namely the solution reduction method and the impregnation method separately. While
almost no differences could be observed between samples prepared using these two different Pt-
loading methods in their crystal structure or microstructure, a distinctive difference in the room-tem-
perature hydrogen sensing capability could be easily observed: The ones prepared using the solution
reduction method usually had much higher room-temperature hydrogen responses than those pre-
pared using the other Pt-loading method. For those samples prepared using the impregnation
method, Cl2 was formed from chloroplatinic acid at high temperatures and was proposed responsible
for their observed lower room-temperature hydrogen responses. These results suggest that a high
priority should be given to the selection of a suitable method for loading noble metals on MOS to
improve its gas sensing capability, which has been quite neglected until now.

2. Materials and Methods

Pt-SnO2 composite nanoceramics were prepared from SnO:2 nanoparticles (50-70 nm, Shanghai
Aladdin Biochemical Technology Co.) and H2PtCle-6H20 (Pt 37.5%, Shanghai Aladdin Biochemical
Technology Co.) using two different Pt loading methods: (1) For the solution reduction method, SnO:
nanoparticles and zinc powder (Zn 95.0%, Sinopharm Chemical Reagent Co.) were dispersed at a
series of designed ratios in deionized water separately and magnetically stirred. For every suspension,
0.1 M HzPtCls solution (prepared from HaoPtCls:6H20) was slowly dropped to react with the zinc pow-
der in it. After the reaction, the suspensions were centrifuged and dried, and finally pressed into
pellets of 10 mm in diameter and 1.2 mm thick. (2) For the impregnation method, SnO2 nanoparticles
and 0.1 M HzPtCls solutions were mixed in deionized water at a series of molar ratios. After being
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magnetically stirred for 30 min, the suspensions were dried in an oven at 110°C for 10 hours and were
pressed into pellets of 10 mm in diameter and 1.2 mm thick.

The pressed pellets were sintered at designated temperatures in air for 2 h separately. After sin-
tering, a pair of parallel In-Ga electrodes, with a distance of 2 mm, was formed on a major surface of
some sintered pellets for subsequent gas sensing measurement.

The responses of the samples to hydrogen were measured in terms of their resistance through a
commercial gas sensing measurement system (GRMS-215, Partulab Com., Wuhan, China) [2], in
which a constant DC voltage was applied between the In-Ga electrodes of the samples and the flown
currents were measured to yield the resistances. For the response process, a target gas prepared from
0;, N, and 1.5% H2-N2 was flown into the measurement chamber at the rate of 300 mL/min. For the
recovery process, ambient air was pumped into the chamber at the rate of 1000 mL/min. The room
temperature was maintained at 25°C and the relative humidity (RH) in air was kept at around 50%
for the measurements.

The crystal structure of Pt-SnO: composite nanoceramics was characterized through X-ray dif-
fraction (XRD; SmartLab, Japan Rigaku, Cu Ka radiation). The microstructure of Pt-SnOz was ob-
served through field emission scanning electron microscopy (FESEM; SIGMA, ZEISS Corporation,
Jena, Germany) and transmission electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan). Pt
loading was analyzed by EDS (EDS; ULTIM MAX, Oxford Instruments) and HRTEM. The amount of
residual chlorine in the materials was obtained by potentiometric titration using the Aptar 855 Po-
tentiometric Titration Robot (Ag electrode, 0.1 M silver nitrate) titrated to the point where a potential
jump occurs and calculated from the volume of silver nitrate solution consumed.

3. Results and Discussion

Though two different Pt-loading methods were adopted in this study, there were no detectable
differences in the X-ray diffraction patterns obtained for samples prepared using these two methods
separately. Four representative XRD patterns are shown in Figure 1, which were obtained for four
samples of 2 wt% Pt, sintered at 600°C and 825°C, prepared using the solution reduction and impreg-
nation methods separately. In all patterns, most strong peaks are identified as those of SnO: in tetrag-
onal rutile structure (JCPDS: 41-1445). In those of two samples sintered at 825°C, some peaks from
cubic Pt (JCPDS: 4-802) can be clearly observed; while in those of two samples sintered at 600°C, these
peaks from Pt are much weaker, or even cannot be detected. A similar result had been obtained in a
previous study, whose intensity of Pt peaks also increased considerably with sintering temperature,
and it was explained that the crystallinity of Pt nanoparticles increases with increasing sintering tem-
perature [31]. Obviously, Pt-SnO: bulk composites could be successfully prepared using these two
Pt-loading methods separately.
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Figure 1. XRD patterns obtained for four samples of 2 wt% Pt: (a) using the solution reduction method
for Pt-loading and sintered at 600°C; (b) using the impregnation method for Pt-loading and sintered
at 600°C; (c) using the solution reduction method for Pt-loading and sintered at 825°C; (d) using the
impregnation method for Pt-loading and sintered at 825°C.

Figure 2 presents some micro-structural analyses obtained for two samples of 2 wt%
Pt and sintered at 825°C, while prepared using the solution reduction and impregnation
methods for Pt-loading separately. As shown in Figure 2(a), which was a FESEM micro-
graph taken for a fractured surface of a sample prepared using the solution reduction
method, most grains are around 50-70 nm, which should be SnO: grains that had experi-
enced no obvious grain-growth in a sintering at 825°C [17]. Micro-pores are present in the
microstructure, which are related to the fact of no detectable shrinkages in the sintering and
should be beneficial for gas sensing applications [31]. Figure 2(b) presents some EDS anal-
yses obtained for this sample, in which a couple of Pt grains around 100 nm in size can be
identified. This sample was of a relatively high Pt content (2 wt%), other Pt nanoparticles
were much smaller and could only be observed through TEM, which will be given in the
following. Figure 2 (c,d) are micro-analyses obtained for another sample prepared using the
impregnation method, which actually shows no detectable differences in micro-structure
between samples prepared using two different Pt-loading methods separately.

Figure 2. For samples of 2 wt% Pt and sintered at 825°C: (a) FESEM micrograph for one prepared
using solution reduction method; (b) EDS analyses for one prepared using solution reduction method;
(c) FESEM micrograph for one prepared using impregnation method; (d) EDS analyses for one pre-
pared using impregnation method.

These two samples in Figure 2 were partially crushed and ground into powders for further TEM
analyses, and some of the results are shown in Figure 3. Those particles around 50-70 nm are obvi-
ously SnO:2 grains. Besides them, some much smaller nanoparticles, typically as small as 5 nm, can be
observed in both samples. HRTEM analysis was carried out for one such small nanoparticle in each
sample and the crystal plane spacing was calculated by Digital Micrograph software to be 0.23 nm,
corresponding to that of Pt (1 1 1). These small nanoparticles were therefore determined to be Pt
nanoparticles, which is consistent with the XRD analysis. It can be concluded that samples prepared
using these two different Pt loading methods were of quite similar microstructure even through TEM
analysis.
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Figure 3. For samples of 2 wt% Pt and sintered at 825°C: (a) TEM micrograph for one prepared using
solution reduction method; (b) HRTEM of a small nanoparticle in one prepared using solution reduc-
tion method; (c) TEM micrograph for one prepared using impregnation method; (d) HRTEM of a
small nanoparticle in one prepared using impregnation method.

For samples prepared using the impregnation method, sintering at an elevated temperature is
crucial for achieving a room-temperature hydrogen sensing capability. In many investigations on
loading noble metals on low-dimensional MOS materials to improve their gas sensing, a heat-treat-
ment is usually conducted around 600°C after impregnation in solutions of noble metal salts. For
example, Matushko et al. prepared SnO: sensitive layers that were impregnated in H2PtCls-6H20 so-
lution and sintered at 620°C in air. The Pt-SnO2 material showed improved response/recovery time
to H2 at an operating temperature of 260°C [5]. Yin et al. impregnated SnO: particles into
HAuCls-4H20 solution and sintered at 550°C for 3 h in air to obtain Au-SnO: materials that could
detect H2 down to 0.4 ppm at an operating temperature of 350°C [19]. Wang et al. impregnated SnO:
nanosolid material into H2PtCle-6H20 solution, sintered at 500°C for 2h in N2, and achieved a response
value of 64.5 for 100 ppm CO at room temperature [18]. Ma et al. impregnated SnO: powder into
Pd(NHs)2(NO2)2 solution and sintered at 500°C in air. The resulting Pd-5nO: material inhibited the
poisoning by water vapor [21]. It is therefore meaningful to study those samples prepared using the
impregnation method and sintered at 600°C. As an example, the room-temperature hydrogen sensing
characteristic of a sample of 0.5 wt% Pt, prepared using the impregnation method and sintered at
600°C, had been carefully measured and is shown in Figure 4.

The response value of an n-type semiconductor gas sensor to a reducing gas is usually defined
as S=Ra/Rg, where Ra and Rg are the resistances of the sensor in air and in the target gas, respectively.
As shown in Figure 4, the sample prepared using the impregnation method has a response of 65 to
1% H2-20% O2-N2 at room temperature. Generally speaking, such a room temperature response to Hz
is actually quite outstanding among those reported for low-dimensional MOSs in the literature [35-
37]. However, as the Hz concentration is reduced to 0.0625%, it shows no response.
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Figure 4. Room temperature hydrogen sensing characteristics for two Pt-SnO2 composite nanoceramic
samples of 0.5 wt% Pt and sintered at 600°C, prepared using the solution reduction and the impreg-
nation methods for Pt loading, separately.

Though Pt-SnO: composite nanoceramics prepared using these two different Pt loading meth-
ods separately were similar in microstructure, their room-temperature hydrogen sensing character-
istics showed quite different dependence on sintering temperature. As reported in a previous study,
for samples prepared using the solution reduction method, an extraordinary room-temperature hy-
drogen sensing capability can be observed even before sintering [31]. For comparison, the room-tem-
perature hydrogen sensing characteristic of a sample of 0.5 wt% Pt prepared using the solution re-
duction method and sintered at 600°C is also shown in Figure 4. First of all, it can be seen that this
sample has a response of 1300 to 1% H2-20%0O2-N2, which is quite typical for samples prepared using
the solution reduction method while is 20 times higher than that of the sample prepared using the
impregnation method [38,39]. Secondly, this sample has a response of 5 to 0.0625% H2-20% O2-Nz,
which also forms a sharp contrast with that of the other sample. It is quite surprising that there is
such a striking difference in room-temperature hydrogen-sensing characteristics between samples
prepared using two different Pt loading methods separately.

For Pt-5nO: composite nanoceramics prepared using the solution reduction method, the opti-
mum sintering temperature has been found to be around 825°C to yield both good mechanical
strength and appealing room-temperature hydrogen sensing characteristics [31,33,34]. Figure 5
shows the room temperature hydrogen-sensitive properties of two samples of 0.5 wt% Pt sintered at
825°C while prepared using these two different Pt loading methods separately to make a further
comparison. To 0.0625%, 0.125%, 0.25%, 0.5%, and 1% H2-20% O2-N2, the sample prepared using the
impregnation method showed responses of 3, 8, 21, 56, and 150, respectively; and the sample pre-
pared using the solution reduction method showed responses of 50, 153, 516, 1440, and 5300, respec-
tively. Obviously, for each of the two Pt loading methods, the sample sintered at 825°C showed a
much better room-temperature hydrogen sensing capacity than the one sintered at 600°C. And for
this sintering temperature, the sample prepared using the solution reduction method still exhibited
a much more attractive room-temperature hydrogen sensing capacity than the other one prepared
using the impregnation method.
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Figure 5. Room temperature hydrogen sensing characteristics for two Pt-SnO2 composite nanoceramic
samples of 0.5 wt% Pt and sintered at 825°C, prepared using the solution reduction and the impreg-
nation methods for Pt loading separately.

Chlorine-containing precursors are frequently used to load noble metal nano-catalysts in many
applications, while chlorine is generally known to have negative effects on these nano-catalysts [40].
A post-treatment is mostly adopted to effectively remove chlorine in precursors, and the thermal
removal of chlorine from H:PtCls can be specifically expressed as [40-42]:

H,PtCl, — PtCl, + 2HCI, ()

PtCl, — Pt+2Cl,, 3)

Obviously, for those samples prepared using the impregnation method in this study, chlorine
must be removed in the course of sintering in this way. Table 1 shows the chlorine content of four
samples of 2 wt% Pt prepared using the two different Pt loading methods and sintered at 600°C and
825°C separately.

Table 1. The content of residual chlorine in four samples of 2 wt% Pt prepared in this study.

Sintering temperature, °C Pt loading method Chlorine, wt%
Solution reduction 0.167
600 .
Impregnation 0.495
Solution reduction 0.14
825 .
Impregnation 0.41

It can be clearly seen that a small amount of chlorine can be detected in all these four samples,
and those samples prepared using the impregnation method had much more chlorine than those
prepared using the solution reduction method. As a matter of fact, for those samples prepared using
the solution reduction method, chlorine had been mostly removed through a quite different process:
As (PtCls)* ions were dissolved in solution, chlorine should be mostly removed from the samples
through the centrifugation process. According to the results in Table 1, it is clear that chlorine can be
more effectively removed through this method than thermal removal.

Given the fact that the amount of residual chlorine was considerably higher in samples prepared
using the impregnation method than those prepared using the other method, a specially controlled
experiment had been conducted to enhance the thermal removal of chlorine in samples prepared by
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the impregnation method: For samples of 2 wt% Pt, while some were prepared using the typical
impregnation method with sintering at 825°C for 2 h in air, others were prepared using a modified
impregnation method. For these samples, SnO2 nanoparticles and 0.1M HzPtCls solution were mixed
in deionized water, magnetically stirred, dried, and then the dried mixed powder was heat-treated
at 825°C for 2 h in air. Such a heat-treatment on mixed powder should be more effective for the re-
moval of chlorine than on pressed pellets. After the heat-treatment, pellets were pressed from the
powder and were sintered at 825°C for 2 h in air. Obviously, a calcination process had been added
and this method is termed as impregnation & calcination method hereafter. Figure 6 shows the room
temperature hydrogen sensing characteristics for two samples prepared using these two methods
separately. First of all, it should be pointed out that the sample of 2 wt% Pt prepared using the im-
pregnation method only showed a room-temperature response value of 5 to 1% H2-20% O2-Nz, which
was much smaller than that of the sample of 0.5 wt% Pt prepared using the same method in Figure
5. As a matter of fact, Pt content had been found to have an important influence on the room temper-
ature hydrogen sensing characteristics of Pt-SnO2 composite nanoceramics [31], and 0.5 wt% Pt had
been found as an attractive Pt content for samples prepared using the impregnation method in this
study. More interestingly, it can be clearly seen that the sample prepared using the impregnation &
calcination method exhibited much better room temperature hydrogen sensing characteristics than
the other one in Figure 6, which showed a room temperature response value of 2750 to 1% H2-20%
02-N2. Obviously, the calcination process of 825°C for 2 h in air had shown a dramatic effect on those
samples prepared using the impregnation method. In other words, for samples prepared using the
impregnation method, much longer time durations at high temperatures are needed to optimize the
catalytic effect of noble metals than those for samples prepared using the solution reduction method.
For the preparation of many noble metal-loaded nanomaterials, such long time durations at high
temperatures are often not practicable. This result further confirms the importance of the solution
reduction method in loading noble metals as nanocatalysts.

104 Impregnation & calcination method
wl.. 19800 - — Impregnation method
L074AIr 02 059%  025% 0.125% 0.0625%

20% O,N,

Resistance (Q2)
=
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Figure 6. Room temperature hydrogen sensing characteristics for two Pt-SnO2 composite nanoceramic
samples of 2 wt% Pt and sintered at 825°C, prepared using the impregnation method and the impreg-
nation & calcination method for Pt loading separately.

Moreover, it should be emphasized that chlorine is removed at room temperature in the solution
reduction method, which also forms a sharp contrast with thermal removal. According to Equation
(3), for those samples prepared using the impregnation method, Cl: will react with them at elevated
temperatures. It is well known that as a room-temperature hydrogen-sensitive material, Pt-SnOz com-
posite nanoceramics can be easily affected by harmful gases [2]. The reaction of Clz2at elevated tem-
peratures will inevitably show some negative effect on the room-temperature hydrogen sensing
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capability of Pt-SnO:2 composite nanoceramics. In short, the solution reduction method is better than
the impregnation method to prepare room-temperature hydrogen Pt-SnOz composite nanoceramics
in two ways: chlorine can be more thoroughly removed, and the reaction of Cl2at elevated tempera-
tures can be mostly avoided. With these advantages, the striking difference in room-temperature hy-
drogen sensing characteristics between samples prepared using these two different Pt loading meth-
ods separately can now be well understood. As a matter of fact, Clz is known to have a negative
influence on many materials and should be removed at as low as possible temperatures.

In many applications, soluble noble metal salts are widely used to load noble metals as nano-
catalysts on other materials [43-47]. Though an obvious catalytic effect was often observed, there was
little chance to study if an optimized process had been adopted to load the noble metals. Now
through studying room temperature hydrogen sensing characteristics of Pt-SnO2 composite nanoc-
eramics prepared using two Pt loading methods (the impregnation and the solution reduction meth-
ods) separately, it is clearly shown that a striking difference can be observed in the catalytic effect
achieved among different loading methods even a same noble metal salt is adopted. This is reasona-
ble in that catalysts are generally very vulnerable in many applications [48-50]. Much more attention
should be taken to optimize the catalytic effect of noble metal nano-catalysts when noble metal salts
are used to load them in future researches.

4. Conclusions

Pt-SnO:z composite nanoceramics were prepared from SnO: nanoparticles and H2PtCls-6H20 us-
ing two Pt-loading methods, the solution reduction method and the impregnation method, separately.
Though strong room temperature responses to hydrogen can be observed for some samples prepared
using these two Pt-loading methods separately, samples prepared using the solution reduction
method show much better room-temperature hydrogen sensing characteristics than those prepared
using the other method. For two samples of 0.5 wt% Pt and sintered at 825°C, the one prepared using
the impregnation method had a response of 150 to 1% H2-20% O2-N2 at room temperature, while the
other one prepared using the solution reduction method had a response of 5300. XRD, FESEM, and
TEM analyses revealed no detectable difference between samples prepared using these two Pt-load-
ing methods separately, while samples prepared using the impregnation method were found to have
more chlorine than those prepared using the other method. It is proposed that the difference in the
chlorine removal process between these two Pt-loading methods have resulted in the observed dif-
ferent room-temperature hydrogen sensing characteristics between samples prepared using these
two methods separately. This study highlights the importance to choose a proper loading method
when noble metals are loaded from their soluble salts as nano-catalysts in many applications.
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