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Abstract. Hydrogen sensor response of palladium (Pd) nanoparticles changes when the nanoparticles are washed with
different solvents prior to device formation. This study presents the effect of washing Pd nanoparticles with distilled water
or ethanol on their hydrogen response. The change induced in the surface characteristics of the Pd nanoparticles after
washing is analysed with the help of UV–Vis absorption spectroscopy and glancing angle X-ray diffraction (GAXRD)
studies. The nature of strain in nanoparticles after washing is particularly analysed from GAXRD data to understand the
hydrogen response mechanism. The performance of the nanoparticle-based devices in humid ambient was also studied and
the results were correlated to the consequence of sample washing. A suitable sensing mechanism within the purview of
Langmuir model is discussed to understand the role of washing of the palladium nanoparticle yield.
Keywords.

1.

Washing; strain; gas sensor; hydrogen; palladium; nanoparticle.

Introduction

Nanoparticle processing via different techniques is an
effective way to modulate the surface-dependent catalytic
interaction with ambient. Uniform or scarce surface coverage
of nanoparticles with other molecules can affect material
performance in applications, such as bio-medical, gas sensing, etc. [1–3]. The synthesis parameters sometimes control
the surface coverage [4]. It is reported that ZnO nanoparticles
are modified with carboxylate surface groups during synthesis using diethyl zinc and ethyl zinc carboxylate species
[5]. In addition to 0-D nanoparticles, 2-D thin film surface
coverages can also be tuned to improve their properties [6].
Modification of the nanoparticle surface coverage with
polymeric chains, such as polyvinylpyrrolidone (PVP), is an
effective way to control their surface properties. In fact, the
molecular weight of PVP can be varied to obtain versatile
hydrogen-sensing attributes [7,8]. The presence of polymeric
chains on nanoparticle surface can easily be detected by
monitoring the surface plasmon resonance peak in UV–Vis
spectroscopy. Basically, the existence of scattered polymeric
chains breaks the spherical nanoparticle symmetry, while a
uniform surface coverage can apparently maintain the
spherical symmetry. This variation of shape and surface
coverage has been correlated with the optical activity of Au
nanoparticles, via the shift of the plasmonic peak [9,10]. In

another study, polymer surface coverage on Ag and Au
nanoparticles was also studied by analysing the surface
plasmon resonance peak [11]. Both experimental and theoretical results were analysed to evaluate the effect of
nanoparticle size and surface ligands [11]. Polyethylene
glycol coverage on polystyrene nanoparticles was also studied for stability purpose in drug-delivery applications [12].
In the present study, a simple nanoparticle washing
technique is adopted to modulate the polymeric surface
coverage on palladium nanoparticles. Distilled water and
ethanol are the solvents used to wash Pd nanoparticles
synthesized with PVP (Mw 8000). The hydrogen response of
Pd nanoparticles washed with these solvents are compared
and a typical difference is observed. In fact, the catalytic
tuning of the hydrogen-sensing attributes of Pd nanoparticles (washed in different solvents) at room temperature is
rarely reported, and is analysed in detail with the support of
different characterization results.

2.
2.1

Experimental
Material synthesis

High purity chemicals, such as Na2PdCl43H2O (sodium
tetrachloropalladate, 99.999%), EG (ethylene glycol, 99%),
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PVP (polyvinylpyrrolidone, Mw 8000) and HCl
(hydrochloric acid) from Alfa Aeser were used for the
palladium nanoparticle synthesis by polyol methodology.
Fifty-one milligrams of Na2PdCl43H2O was added to
10 ml of EG in a borosilicate glass beaker. Thereafter, PVP
(*0.010 g) was added. Solution was made acidic by adding
six drops of HCl by a narrow nozzle dropper. The acidic pH
helps to ionize the precursor. The solution was heated up to
125°C on a magnetic stirrer under moderate stirring. Colour
of solution changed from reddish brown to dark brown and
finally black-coloured solution was obtained after 2 h. The
reaction beaker contents were cooled and the palladium
particles were collected after centrifugation (@5000 rpm) at
room temperature. The collected nanoparticles were then
divided equally in to two eppendorfs. The particles in the first
eppendorf were washed with ethanol and the particles in the
second eppendorf were washed with distilled water. After
washing, the particles were extracted by centrifugation.

in air ambient by using a hot (90–100°C) plate. The
resulting film was cooled and conductive silver paste was
used to print parallel lines on the film surface manually. The
resistive device preparation was completed by attaching fine
copper wires to the parallel lines with the help of conductive
silver paste, which was subsequently dried on a hot plate
(90–100°C). The drop-casting and resistive device fabrication techniques have been reported [7,8].
The device resistance (between the parallel silver paste
lines) in the presence and absence of hydrogen was measured with computer interfaced Keithley 6487 digital multimeter, and the gas mixture was created by using a couple
of mass flow controllers (Alicat Scientific make, USA) and
a mixing chamber assembly. The device was placed inside a
small glass tube furnace with digital PID temperature control during measurements. All measurements were performed under normal atmospheric pressure conditions. High
purity nitrogen was used as the carrier gas.

2.2

3.

Characterization

The synthesized yield was characterized by UV–Vis spectroscopy (Perkin Elmer, Lambda 750), GAXRD (Bruker
D8-Advance) and HRTEM (FP 5022/22-tecnai G2 20STWIN, FEI USA) for surface coverage, strain and size
informations, respectively. For UV–Vis spectroscopy, a
small amount of the nanoparticle solution was dispersed in a
quartz cuvette containing the reference solvent (ethanol or
distilled water) and then recording the absorption spectra
in the wavelength range of 600–199 nm. For GAXRD
measurements, films were prepared on glass substrates by
drop-casting technique. In this technique, a single drop of
concentrated nanoparticle solution (taken directly from the
eppendorf) was put on glass substrate and slowly drying
on a preheated hot plate. The detector scan in GAXRD
was performed with 0.01° step size by maintaining a fixed
3° glancing incidence and using CuKa radiations. The
HRTEM studies were performed by applying 200 kV
acceleration voltage, and the samples were prepared by
putting small amount of the sonicated nanoparticle solution
on copper grids.

2.3

Device fabrication and hydrogen-sensor study

The metallic nanoparticle film on glass substrate prepared
by drop-cast technique is highly conducting, and hence, the
measured resistance between a pair of silver paste contacts
on the film is very low. For hydrogen-sensor studies, relatively higher device resistance is preferred. The resistance
was increased by incorporating insulating glass (silica)
particles in the films. Prior to drop-casting, the silica powder (*0.010 g) was mixed with washed palladium
nanoparticle solution in an eppendorf and sonicated. A drop
of this mixture was put on a glass substrate and slowly dried

3.1

Results and discussion
UV–Vis

UV–Vis data was acquired to compare ethanol- and waterwashed Pd NPs in terms of their absorption wavelengths.
The experimental data is deconvoluted to obtain the characteristics peaks of palladium for a particular sample category (figure 1). The deconvolution of UV–Vis spectra is an
important technique to analyse the data and has been
reported [13,14].
The optical absorption peak of nano-palladium lies in
the ultraviolet range of the spectrum. Any variation in the
particle size, or surface coverage is likely to shift the
absorption peak positions. Hence, the differences in
the UV–Vis spectra between water- and ethanol-washed
samples occur mainly due to the PVP surface coverage,
which is likely to be different [11]. In fact, ethanol attacks
the PVP encapsulation, and frees the Pd nanoparticles [15].
As a result, a major amount of PVP is discarded during
washing with ethanol. However, water has no effect on this
water-soluble polymer (PVP).
The water-washed spectra reveals 8-characteristics palladium peaks of varying intensities in the studied wavelength range of 190–600 nm. Amongst these wavelengths,
the lowest absorption wavelength (*190 nm) corresponds
to the smallest particle size. The remaining absorption
peaks of water-washed palladium mainly indicate the
existence of different particle sizes (from small to large) and
all the particles are heavily protected by PVP. This protective PVP capping is chemically unaffected by the solvent
water in which these nanoparticles are dispersed. Upon
washing with ethanol, the capping PVP layer is attacked and
the nanoparticle surfaces are partially protected by PVP.
This leads to adhering of very small-sized nanoparticles on
the unprotected surface area of relatively large-sized
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Figure 1. UV–Vis data for Pd nanoparticles synthesized with PVP and (a) water-washed (full
spectrum up to 600 nm), (b) water-washed (expanded scale of the same spectrum up to 350 nm),
(c) ethanol-washed (full spectrum up to 600 nm) and (d) ethanol-washed (expanded scale of the
same spectrum up to 350 nm).

nanoparticles. Such a cluster of small- and large-sized
nanoparticles would red-shift the absorption wavelength.
This is obvious from the spectra of ethanol-washed sample
because the minimum absorption wavelength is 201 nm,
which is 11 nm greater than the minimum absorption
wavelength for water-washed sample. Furthermore, in the
wavelength range of 190–260 nm, the number of peaks in
water-washed sample is four, while for ethanol-washed
sample, eight peaks are observed. This implies there is wide
variation in cluster size due to scarce PVP surface coverage
on nanoparticles in ethanol-washed sample. Although both
water- and ethanol-washed samples are polydisperse in
terms of particle sizes, it is also apparent from the above
discussion that the particle sizes in water-washed nanoparticles are relatively smaller than the cluster size in ethanolwashed samples. Peaks beyond 260 nm corresponds to
absorption by very large clusters and intensity of those
peaks are low for both the sample categories. The low-peak
intensity probably indicates existence of few large-sized
clusters in the synthesized samples. To verify the particle
size variations, HRTEM studies were conducted. The typical particle size variation is appended as supplementary
data (supplementary figure S1).

3.2

GAXRD

The GAXRD results reveal the FCC crystallinity of the
synthesized palladium nanoparticles (figure 2a). The three

Figure 2. GAXRD spectra of Pd nanoparticles. (a) Full spectrum and (b) (111) peak shift.

major reflections (111), (200) and (220) are present in both
water- and ethanol-washed samples. The most intense (111)
peak is found to be separated by 0.16° for water- and
ethanol-washed samples (figure 2b). The rest of the peaks,
(200) and (220) peaks, also reveal similar shift (table 1).
The peak shift probably indicates nanoparticle surface
contamination by the atmospheric impurities (mainly oxygen) due to the differences in PVP surface coverage. This
oxygen contamination is highly unlikely in the UV–Vis
samples. The important difference between UV–Vis and
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Table 1. GAXRD peak positions for Pd nanoparticles synthesized
with PVP.
2h value
Peaks

Water-washed

Ethanol-washed

(111)
(200)
(220)

40.16
46.74
68.22

40
46.72
68.18

water-washed nanoparticles will be better than ethanol-washed
samples. This enhancement in catalytic activity could be
beneficial in hydrogen-sensing applications.

3.3

GAXRD samples is that the nanoparticles are dispersed in
washing solvent during UV–Vis measurements and hence,
are protected from atmospheric oxygen. However, the
GAXRD films are prepared by drying the nanoparticle
solution on substrate. Hence, atmospheric contamination is
likely. Since dried films are also used for the hydrogensensor study, the influence of surface contamination is
further discussed in detail in the hydrogen sensing section. Such atmospheric oxygen impurities on nanoparticle
surface can modulate the strain in the particles.
For strain analysis, the 2h values corresponding to the
peaks, and the corresponding total peak broadening (b)
values are used to obtain the b cos h. With the help of the
Williamson–Hall (W–H) technique, b cos h vs. sin h is
plotted for each category; the nature (and magnitude) of
strain is estimated for the water-washed and ethanol-washed
samples from the slope of the fitted straight lines (figure 3).
Since, the FCC palladium gives only three important
reflections, so three data points are generated and have been
used for the linear fitting [7]. The positive slope indicates
tensile strain in both the samples and the strain magnitude is
relatively higher in water-washed samples. The obtained
strain magnitudes for water-washed and ethanol-washed
samples are 0.01536 and 0.01053, respectively. Normally a
high strain magnitude can be correlated to the enhancement
of catalytic activity in nanoparticles [16,17]. So, it is
apparent from GAXRD studies that the catalytic activity of
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Hydrogen sensor

Multiple-sensing devices were prepared with both category
of samples for the hydrogen-sensor studies. The baseline
device resistances were different for both the categories of
samples (table 2). Water-washed samples have relatively
higher baseline device resistance. This is probably due to
the PVP surface coverage, which is providing a uniform
barrier around the nanoparticles. Since, the water-washed
nanoparticles have better PVP coverage than ethanolwashed samples, the baseline resistance for the former is
higher than the latter.
The hydrogen-sensor studies revealed reproducible transient performance of the devices in different hydrogen
concentrations (figure 4a, b). A distinct change in the
magnitudes of % response for water- and ethanol-washed
samples is also observed at different operating temperatures
(figure 4c, d). Although the nature of response is same
between ethanol- and water-washed samples, the magnitude
of response percentage is much higher in the latter category.
Also, the response is deteriorating in both the categories of
samples with the increase in operating temperature (figure 4c, d). The method of calculation of response parameters (such as % response, response time, etc.) as reported in
literature, is also implemented in this study.
To understand the differences between the hydrogen
response in the two categories of samples, a detailed analysis of the sensing data and the relevant mechanism is
necessary. For palladium nanoparticle-based hydrogen
sensors, the sensing mechanism, as reported in literature, is
considered in this analysis. Basically, the sensing is a twostep process and have been elaborately reported [7,8]. Initially, hydrogen interacts with surface physisorbed oxygen
atoms (attached to the active sites on palladium) to form
water. In this step, there is no change in the sensor baseline
resistance [7]. This step will clean the nanoparticle surfaces
and free the gas adsorption sites (or active sites). In the
second step, the hydrogen is directly adsorbed by the active
sites on palladium to initiate the electronic (increase in
device resistance) and geometric (decrease in device resistance) effects [8]. The electronic effect is a nomenclature
used to highlight the change in resistivity of palladium (due

Table 2. Baseline device resistance range (based on the data
from numerous devices).

Figure 3. W–H plot using GAXRD data of Pd nanoparticles
washed with water and ethanol.

Sample category

Baseline device resistance

Water-washed
Ethanol-washed

0.12–1.12 MX
0.5–2.0 kX
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Figure 4. Comparative results of Pd nanoparticles synthesized with PVP highlighting differences
in sensing due to washing. (a) Transient response of the devices (made with ethanol-washed
nanoparticles) at RT in hydrogen. (b) Transient response of the devices (made with water-washed
nanoparticles) at RT in hydrogen. (c) Effect of operating temperature on 100 ppm hydrogen
response for devices (made with ethanol-washed nanoparticles). (d) Effect of operating temperature
on 100 ppm hydrogen response for devices (made with water-washed nanoparticles).

to the formation of palladium hydride) from low to high that
increases the film resistance [18,19]. The geometric effect
signifies the positive change in particle dimension due to
volumetric expansion (of the palladium lattice) that eventually reduces the film resistance. Hence, the device baseline resistance slowly increases (initially) and thereafter, it
drops suddenly to a low value due to these effects occurring
in succession (figures 4a, b, 5). Both these effects are
reversible in nature. Hence, when the gas exposure is cut off
(i.e., during device recovery) the adsorbed hydrogen atoms
are slowly released from the active sites, and the initial
palladium resistivity and particle dimension are restored. As
a result, the baseline resistance approaches the initial
starting value.
This two-step sensing mechanism will get affected if the
solvent used to wash the nanoparticles after synthesis is
changed. For instance, the activity in the first step is
expected to be different for ethanol- and water-washed
nanoparticles because there is uniform PVP coverage on the
surface of nanoparticles in the latter, and non-uniform PVP
surface coverage in the former. Basically. ethanol weakens
the attachment between PVP and the Pd surface due to
which the PVP chains are lost during washing of the
nanoparticles with ethanol [15]; so, the nanoparticle surface
is exposed to atmospheric attack during device preparation
because the nanoparticles are now outside the solvent (either ethanol or water) ambient. As a result, the active sites

on the energetic particle surface may be contaminated by
atmospheric impurities. These surface impurities are difficult to eliminate from the particle surface. The ethanolwashed nanoparticle surfaces are more prone to this contamination due to scarce PVP coverage, which implies that
during device preparation, the activity of surface sites could
be quenched. However, for water-washed samples, the
active nanoparticle surfaces are already passivated by the
nearly uniform PVP surface coverage. Hence, the atmospheric contamination of active sites on water-washed
nanoparticle surfaces is relatively lower. Therefore, during
sensing, there will be differences in the extent of availability of active sites for hydrogen adsorption between
devices fabricated by using water- and ethanol-washed
nanoparticles. It is apparent that the hydrogen adsorption
ability of water-washed nanoparticles will be higher than
ethanol-washed nanoparticles because the former has relatively lower surface contamination. As a result, the devices
made with water-washed nanoparticles have higher %
response than devices made with ethanol-washed nanoparticles (figure 4c, d). This is further substantiated via the
Langmuir adsorption model and the calculation of equilibrium constant for dissociative hydrogen adsorption on the
nanoparticle surface. As per this model, a linear relationship
is obtained between % response and square root of hydrogen concentration, and from the slope of this straight line,
the equilibrium constant (j) is obtained [20]. This
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Figure 5. Magnified view of the electronic and geometric effects for devices based on Pd
nanoparticles washed with (a) water and (b) ethanol in 100 ppm hydrogen at RT.

relationship is presented with the help of equation (1), in
which the left-hand side (DR/R) is the % response, while
PH2 is the hydrogen concentration.
DR pﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃ
 j PH 2 :
R

ð1Þ

The adsorption and desorption processes can be represented by the following equations:
H2 ! 2H

ðadsorptionÞ;

ð2Þ

2H ! H2

ðdesorptionÞ:

ð3Þ

Here, j is the ratio of ja and jd (the adsorption and desorption constants, respectively, for the processes presented
by equations (2 and 3)). These constants are related to the
hydrogen surface coverage during adsorption and desorption processes. Equation (1) is presented as a linear fit on
the experimental sensing data (figure 6). Mathematically,
three data points are sufficient to prove the linearity, and
hence, three hydrogen concentrations in the range of 100
(low) to 10,000 ppm (high) have been selected for this
study. Therefore, comparing the j value for water- and
ethanol-washed particles, it is apparent that the activity of
water-washed nanoparticle surface is relatively higher than
ethanol-washed nanoparticles in the first step of sensing
(figure 6). The high magnitude of j in water-washed
nanoparticle justifies the low contamination on nanoparticle
surfaces.
The effect of washing in the second-sensing step can be
corroborated with the strain in the palladium lattice. The
GAXRD analysis reveals a distinct change in strain for the
two sample categories (figure 2). The nature of strain is
tensile for both the samples. This tensile strain can influence

Figure 6. Equilibrium constant (j) for water- and ethanolwashed Pd nanoparticle.

the geometric response in the second step of sensing. The
geometric response basically reveals the volumetric
expansion of the Pd lattice, and the strain involved in the
process is also tensile in nature. In addition, if inbuilt tensile
strain exists within the nanoparticles, the geometric effect
gets accelerated. However, if the inbuilt strain within the
nanoparticles is compressive in nature, the geometric effect
can be retarded. In this study, the water-washed sample has
relatively higher magnitude of tensile strain in the palladium lattice. So, the geometric response is expected to be
better in water-washed sample than ethanol-washed sample.
Since, the major change in device resistance during
hydrogen sensing is due to the geometric effect, the %
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Effect of humidity on the response parameters (in 100 ppm hydrogen) at room temperature.
Water-washed

Humidity
55%
65%

Ethanol-washed

% response

Response time (s)

% response

Response time (s)

37.09
28.57

57.5
70.5

0.76
0.71

40.7
45.5

response will be better in water-washed sample than ethanol-washed sample (figure 4).
The effect of moisture on the overall hydrogen response
was verified by performing studies in different humid
ambients. In this study, the influence of moisture on the
response is significant, because un-desorbed moisture can
reduce the hydrogen response to some extent by blocking the
available active sites. The interaction of physisorbed oxygen
and test gas hydrogen on the Pd surface also yields water
molecule. The desorption of the in situ generated water also
depends on the ambient humidity, and at low relative
humidity (RH), the desorption of water molecule is high.
Also, the desorption of moisture molecules is tuned by the
PVP surface coverage, which has a tendency to gather
moisture [21]; it can be stated that a relatively low PVP
coverage will ensure easy escape of water from the
nanoparticle surface. Therefore, the % response of waterwashed samples having high PVP surface coverage deteriorates when the ambient humidity increases because PVP
captures the moisture molecules (table 3). Further, the
competition between ambient moisture molecules and generated water molecules leads to delay in device signal saturation, and this may be the most probable cause for the
increase in the calculated response time. Hence, the response
time increases when the ambient humidity increases.
In this study, complete recovery was observed for both
categories of samples in the studied temperature range;
however, the recovery time is high (order of minutes). This
is probably due to the fact that the strained lattice takes
some time to regain its initial configuration. Moreover, the
involvement of the bulk of the films or trapping of hydrogen
can also retard the recovery process.

4.
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Conclusion

This study reveals the effect of washing on the hydrogen
response of Pd nanoparticles. The results indicate that if the
surface coverage can be tuned by changing the washing
solvent, the catalytic activity can be modulated. Although
the response and recovery processes were slow, the study
was undertaken to illustrate the mechanistic control of the
catalytic activity during hydrogen sensing. Moreover, the
studies reveal that relative humidity is a major concern for
sensors based on palladium nanoparticle having PVP surface
coverage. The atmospheric impurity contamination of active
nanoparticles surfaces was illustrated with the help of

GAXRD and hydrogen sensing data. Further in situ spectroscopic studies (such as X-ray photoelectron spectroscopy)
may be pursued to quantify the nanoparticle surface oxygen
impurities. Due to experimental limitations, such sophisticated spectroscopic studies could not be performed.
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