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Abstract

A colorimetric detection of hydrazine with methylene blue (methylthioninium chloride) as redox
indicator using Au-Pd alloy nanoparticles (NPs) as catalyst is described. Contrary to Au or Pd
NPs which are not active to induce a rapid color change, the Au-Pd alloy NPs allow for a fast
response of the sensing system within a few minutes at room temperature. A linear change in
absorbance versus hydrazine concentration ranging from 0.1 to 5.0 mM can be obtained. The
catalytic activity of the Au-Pd alloy NPs in the reaction can be attributed to the electronic

inductive effect by Au on Pd in the alloy NPs.
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Introduction

Metal nanomaterials show to possess distinct and desirable properties compared with their
bulk materials [1]. For example, the active surface in Pd nanomaterials has contributed to several
catalyzed organic reactions [2-5] and electrochemical sensing systems [6-8]. Note that some
metal alloy nanomaterials are superior in catalytic activity to their single metal counterparts,
much work has been carried out to develop metal alloys. Among them, Au-Pd nanomaterials
have received many interests in catalytic reaction and sensing, for example, plasmon-enhanced

spectroscopic detection of hydrogen gas [9-11].

As an industrial agent, hydrazine has been widely used as a foam-blowing agent in
polymerization process and as an agricultural pesticide. However, hydrazine has been classified
as a Group 2A probable human carcinogen by International Agency for Research of Cancer
(IARC) due to the high toxic nature [12, 13]. The improper discharge or leaking of hydrazine
may cause serious public health issues, hereby making the detection of hydrazine urgent and
driving an exploration on active catalyst for this purpose. To date, much work on Pd
nanoparticles (NPs) has shown to be effective on hydrazine detection by electrochemical sensors
[14-17]. Zare et al. firstly discovered the decreased oxidation overpotential of hydrazine in the
presence of Pd NPs [14]. Yang et al. further introduced a sensitive and durable electrochemical
sensing platform by anchoring Pd NPs on CoAl-layered double hydroxide for the detection of
hydrazine [15]. Compton et al. reported that the Pd supported on carbonaceous materials are
highly-active and stable electrocatalyst for hydrazine oxidation [16,17]. Moreover, Nunes et al.
demonstrated that a high-oxidation state molybdenum-complex can be applied to the
spectroscopic detection of hydrazine [18]. Despite well-documented applications of Pd NPs from

literature, the colorimetric detection of hydrazine by metal NPs has not been reported.

In this communication, Au-Pd alloy NPs are studied for the colorimetric detection of
hydrazine through its decomposition in the presence of a redox indicator methylene blue
(methylthioninium chloride). In the system, the blue redox indicator is reduced to its colorless
form (leucomethylthioninium) revealing the presence of hydrazine under room temperature
condition. The effectiveness of the Au-Pd alloy NPs can be attributed to the electronic inductive

effect by Au on Pd, [19] which may generate a highly-active surface for the catalytic reaction.



Experimental Section
Materials: Chemicals were purchased from Sigma-Aldrich and were used without further
purification except vacuum drying. Milli-Q deionized (D.I.) water was used throughout the

preparation and in all experiments.

Instrumentation: UV-Vis absorption spectra were recorded on a Hewlett Packard Model 8453
Diode Array UV-Vis Spectrophotometer. The sample solutions were prepared with D.I. water
using a quartz cuvette of 1 cm path length. TEM images were obtained using a scanning TEM
(JEOL JEM-2100F) operated with a field emission gun at 200 kV. The samples were drop-cast
onto holey carbon-coated 400 mesh copper grids before TEM imaging. The elemental
compositions of materials were characterized by an energy dispersive spectrometer (EDS)

attached to the TEM.

Synthesis of metal and metal alloy NPs: The synthetic procedures of the Au-Pd alloy NPs
followed the literature report [20] with slight modification. To Pd(OAc) (10 mM, 1 mL) in HCI
solution (37 %) in a flask cooled in an ice-bath, HAuCls aqueous solution (10 mM, 1.5 mL) was
added and the mixture was stirred for 10 min. Then, L-ascorbic acid (50 mM, 2 mL) was added
to the above solution with vigorous stirring for 10 min. Subsequently, aqueous NaBH4 solution
(10 mM, 0.5 mL) was added dropwise over a period of 10 min. The color of solution turned
gradually from brown to dark grey, indicating the formation of colloidal Au-Pd NPs in the
aqueous solution. Pd and Au NPs were synthesized using similar procedures but with only one

metal source.

Colorimetric detection of hydrazine: To a 10 mL flask was transferred a certain volume of
solution containing Au-Pd alloy NPs, 1 ml of 8 M hydrochloric acid, 0.5 ml of 0.16 mM
methylthioninium chloride and the volume as adjusted to 3 ml with D.I. water. Then, 1 ml of 3 M
hydrazine monochloride solution was added. The absorption spectra of the mixture against time

were measured immediately after the addition of hydrazine monochloride solution.



Results and discussion

Catalyst with high activity is essential in the construction of rapid-sensing system for the
detection of target analytes because the catalyst can efficiently amplify the signal changes
through a catalytic reaction to transform signaling molecules from one form to another.
Methylene blue or methylthioninium chloride is used as a redox indicator, which can be turned to
colorless when reduced to leucomethylthioninium. This color change from blue to colorless is
visually observable. However, the redox process on methylene blue cannot proceed rapidly with
hydrazine as it is a weak reducing agent. A suitable catalyst should be introduced to the redox
reaction, and thus a sensing system for colorimetric detection of hydrazine can be feasibly
established. The system is sensitive with the color change of methylene blue observable even by

naked eye. The working principle is shown in Figure 1.

Hydrazine [Au- Pd] 7 i ‘ ’ : ‘N

(Colorless) (Colorless)
N
[Au- Pd] \N/C[\éjg\,\l/
| | (Blue)
Analyte Catalysis Signalling

Figure 1. A sensing system based on Au-Pd NPs for the colorimetric detection of hydrazine.

Au-Pd, Au, and Pd NPs were synthesized and compared for their catalytic performance in
the colorimetric detection of hydrazine. The nanostructures of obtained NPs are firstly studied by
transmission electron microscopy (TEM) images, which are shown in Figure 2. Different
morphologies and particle sizes can be clearly seen from the images, though they were prepared
by similar conditions with L-ascorbic acid as the capping ligand and NaBH4 as the reducing
agent. The Au NPs are of oval-like polyhedron shape with a size dominantly of 54.7 nm (Figure
2: a, b) while the Pd NPs are more spherical in shape with a rough surface and their majority size
is 37.9 nm approximately (Figure 2: c, d). Interestingly, the alloy of Au-Pd gave completely

different particle shape and size, which were found to be nanoparticle clusters with smooth



surfaces (Figure 2: e, f) and the particle size ranged from 40-110 nm (majority size 98.4 nm)
which is much bigger than the Au NPs and Pd NPs (Figure S1). The lattice planes of these NPs
can be observed from the close-up images in Figure 2: b, d, f. The d-spacing for adjacent lattice
planes measured from 3 different places on a single Au-Pd NP was 0.23 nm, which corresponds
to the mean value of the (111) planes of face-centered cubic (fcc) Au and Pd. This value also
agrees with that of the (111) planes of fcc bulk Au-Pd alloy from the literature [21]. The atomic
ratio of Au:Pd of the Au-Pd NPs as measured by energy dispersive spectrometer (EDS) is 57:43
(Figure S2).

To further characterize the Au-Pd alloy NPs, the elemental distribution of a selected Au-Pd
NP was carried out by scanning transmission electron microscopy (STEM). The elemental
distribution mapping of Au, Pd, and merged Au-Pd on the selected nanoparticles were shown in
Figure 3. The results show that both Au and Pd elements can be found from the selected
nanoparticle as shown in the mapping image. From the merged image, both Au and Pd elements
were detected across the body of the nanoparticle with uniform distribution, which confirms the
resultant nanoparticles to be an alloy. Furthermore, the measured lattice spacings (0.23 nm) of
Au-Pd NPs correspond to the mean value of the (111) planes of Au and Pd also in agreement
with the Pd-rich case having the lattice spacing of 0.229 nm.[22] Since both Au and Pd are of fcc
structure, the alloyed nanoparticle remains the fcc structure and therefore no discrepancy in

lattice spacing is observed from the individual nanoparticle.



Figure 2. TEM images of (a) Au NP, (¢) Pd NPs and (e) Au-Pd alloy NPs. (b), (d) and (f) are the

close-up view of (a), (c) and (e) respectively.



Figure 3. STEM image of a selected Au-Pd NP with elemental distribution of Au, Pd, and

merged Au-Pd on the selected particle.

The optical properties of the above nanomaterials were investigated by UV—Vis absorption
spectroscopy, and shown in Figure 4. Au NPs show a characteristic surface plasmon absorption
at 520 nm, while Pd NPs typically shows no strong absorption peak in the UV—vis region (300—
800 nm) which is in accordance with literature [23]. It is noteworthy that the Au-Pd NPs shows a
suppressed plasmon band (ca. 550 nm), indicating that the introduction of Pd into Au caused a

plasmon damping [24].
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Figure 4. UV—vis-NIR absorption spectra of Au, Pd, and Au-Pd nanoparticles.

The catalytic activities of nanoparticles were investigated on the reaction of hydrazine
decomposition and methylthioninium chloride reduction under acidic conditions. In this catalytic
reaction system, the reduction of methylthioninium chloride by the Au-Pd NPs catalyst showed
remarkable color changes from blue to colorless, which can be represented by the UV-Vis
absorption changes observed in the visible range of 600 — 800 nm. Typical UV-Vis absorption
changes of methylthioninium chloride (20 uM) with Au-Pd NPs as the catalyst (10 pg) in the
presence of hydrazine (0.75 M) with reaction time are shown in Figure 5. The absorption
maxima (Amax) at 750 nm were found to decrease gradually over time. Control experiments
showed that no change in absorbance was observed in the absence of catalyst or hydrazine in the
reaction system. In addition, the Au NPs showed no catalytic activity to cause a color change of
the signal molecule (Figure S3); whereas the Pd NPs could only induce a much slower rate of de-
coloration (Figure S4) under the same experimental conditions. These results indicate that the
obtained Au NPs and Pd NPs are much less reactive compared with Au-Pd NPs. This can
probably be attributed to the geometric effect on Au-Pd and the electronic inductive effect of Au
on Pd in the alloy NPs [19, 25]. A highly reductive species ([Au-Pd]™) as the electron-carrier is

able to reduce the signal molecule rapidly to generate the color change of the test solution.
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Figure 5. Absorbance changes of methylthioninium chloride for its reaction with hydrazine in the
presence of Au-Pd NPs catalyst. Experimental conditions: Au-Pd NPs catalyst 10 pg;
methylthioninium chloride 20 uM; hydrazine 0.75 M; hydrochloride acid 2 M. The experiments
were conducted at room temperature. Time intervals set at 20 s for each measurement: (1) 0 s, (2)

20s,(3)40s, (4) 60's, (5) 80 s and (6) 100 s.

Concentrations of hydrazine in aqueous solution ranged from 0.05 M to 0.75 M were
examined by this Au-Pd NPs sensing system. By monitoring the optical signal with Amax at 750
nm, it was found that the higher the concentration of hydrazine, the faster was the de-coloration
of the signal molecule (Figure S5). The catalytic reduction of methylthioninium chloride to
leucomethylthioninium was found to be correlated with the concentration of hydrazine. For a low
hydrazine concentration range of 0.1 mM to 5.0 mM (Figure 6), increasing the Au-Pd catalyst
loading to 1 mg approximately could speed up the reaction. In addition, a good linear
relationship of absorbance change ((Ao-A)/Ao) versus the concentrations of hydrazine can be
established (R? = 0.95) as shown in Figure 6b. The limit of detection (LOD) estimated was 0.39
mM (S/N = 3), which is better than some of the reported Pd-based nano-materials for hydrazine
detection (Table S1). Moreover, the rate of reaction follows an exponential equation: y =
Ae Kt + y,, in which the factor k denotes a first-order reaction rate constant. The calculated rate

constants are plotted against the concentrations of hydrazine and shown in Figure 6c.



The morphology of the Au-Pd NPs after the catalytic reaction was also examined with TEM
and STEM (Figure S6). The images show no observable change in both morphology and shape
of the Au-Pd NPs, indicating the robustness of nano-catalyst. Some common and moisture stable
reducing agents, such as oxalic acid, formic acid and ascorbic acid, were also tested to
investigate the potential interferences to the present sensing system. Only hydrazine can cause
remarkable signal change in the -catalytic reduction of methylthioninium chloride to
leucomethylthioninium, while oxalic acid, formic acid and ascorbic acid give very weak
reduction reaction under the same conditions (Figure S7). In addition, the performance of the
sensing system was conducted with tap water and seawater (sample collected from Victoria
Harbour, Hong Kong) as the reaction medium (Figure S8). In both cases, they showed
comparable results with the case carried out in D.I. water. The result may suggest that the Au-Pd
NPs sensing system is not sensitive to the salts, impurities and pollutants present in the practical

environment.
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Figure 6. (a) Effect of hydrazine concentrations on the absorbance change at 750 nm in the
catalytic reaction; (b) a linear relationship of absorbance changes at t=480 s against the
concentration of hydrazine; and (c) a linear relationship of calculated first-order rate constants

against the concentration of hydrazine. Experimental conditions: Au-Pd catalyst 1 mg;
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methylthioninium chloride 16 uM; hydrochloride acid 2 M. The experiments were conducted at

room temperature.

Conclusion

In conclusion, a new colorimetric sensing system based on Au-Pd alloy nanoparticles for rapid
detection of hydrazine in aqueous medium was established using methylthioninium chloride as
the indicator. Hydrazine in the concentration range of 0.1 mM to 5.0 mM could be detected with
a linear response of signal changes. In addition, this study demonstrated a significant catalytic
enhancement from Au-Pd alloy nanoparticles that facilitate a rapid sensing of hydrazine at low
concentration in aqueous medium, which cannot be achieved with Au or Pd NPs alone under

similar conditions.
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Figure S1. The size distribution of the synthesized nanoparticles: (a) Pd NPs, (b) Au NPs, and (¢)

Au-Pd NPs.
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Figure S2. EDS diagram showing the elemental content in the Au-Pd NPs.
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Figure S3. Absorbance changes of methylthioninium chloride versus time for the reaction with
hydrazine in the presence of Au NPs catalyst. Experimental conditions: Au catalyst 10 ug;

methylthioninium chloride 20 uM; hydrazine 0.75 M; hydrochloride acid 2 M. The experiments
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Figure S4. Absorbance changes of methylthioninium chloride versus time for the reaction with

hydrazine in the presence of Pd NPs catalyst. Experimental conditions: Pd catalyst 10 pg;
methylthioninium chloride 20 uM; hydrazine 0.75 M; hydrochloride acid 2 M. The experiments

were conducted at room temperature. Time intervals set at 20 s for each measurement.

02M
E
c
© 0.8 N
n > 0.3M
1l _
& o
8 ; Shfos . 045M
< y=23.34x+0.022 O o g oao
0.4 7A15 R'=0.97 /
£ ,///// 0.75M
5 .//
0.0 Confenlratlon (M) I . : '
0 100 200 300

Time (s)
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Figure S6. a) TEM image and b) STEM image of Au-Pd NPs with elemental mappings of Au, Pd,

and two elements in merge after catalytic reactions.
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Figure S7. The study of some potential interference possibly from common reducing agents: oxalic

acid, formic acid and ascorbic acid.
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Table S1. The comparison of LOD for the Pd based nano-materials for the detection of hydrazine.

Pd-based nano-materials LOD Reference

Pd/LSGCNs: Electrochemical sensor based on palladium loaded 0.01 mM [1]

laser scribed graphitic carbon nanosheets (0.32 ppm)

PANP/LDHNW/ITO: CoAl-layered double hydroxide nanowall- 0.01 uM [2]

supported Pd nanoparticle (0.00032 ppm)

Pd/CB: Pd Nanoparticle Modified Carbon Black 8.8 mM [3]
(281.6 ppm)

Pd/ MWCNTs: Palladium decorated bamboo MWCNTs 10 mM [4]
(320 ppm)

Au-Pd NPs: Au-Pd Alloy Nanoparticles Catalyst 0.39 mM This work
(12.5 ppm)
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