Accepted Manuscript
Title: Amorphous Pd-assisted H2 detection of ZnO nanorod
gas sensor with enhanced sensitivity and stability
Authors: Hyeonghun Kim, Yusin Pak, Yeonggyo Jeong,
Woochul Kim, Jeongnam Kim, Gun Young Jung
PII:
DOI:
Reference:

S0925-4005(18)30295-8
https://doi.org/10.1016/j.snb.2018.02.025
SNB 24120

To appear in:

Sensors and Actuators B

Received date:
Revised date:
Accepted date:

6-9-2017
25-1-2018
2-2-2018

Please cite this article as: Hyeonghun Kim, Yusin Pak, Yeonggyo Jeong, Woochul
Kim, Jeongnam Kim, Gun Young Jung, Amorphous Pd-assisted H2 detection of ZnO
nanorod gas sensor with enhanced sensitivity and stability, Sensors and Actuators B:
Chemical https://doi.org/10.1016/j.snb.2018.02.025
This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

Amorphous Pd-assisted H2 detection of ZnO nanorod gas sensor
with enhanced sensitivity and stability
Hyeonghun Kim1, Yusin Pak2, Yeonggyo Jeong1, Woochul Kim1, Jeongnam Kim3, and Gun
Young Jung1,*

1

SC
R

IP
T

School of Materials Science and Engineerging, Gwangju Institute of Science and Technology
(GIST), 123 Cheomdangwagi-ro, Buk-gu, Gwangju 61005, Republic of Korea.
2
Physical Science and Engineering Division, King Abdullah University of Science and
Technology (KAUST), Thuwal 23955-6900, Kingdom of Saudi Arabia.
3
Ssollock Co. Ltd., 333 Cheomdangwagi-ro Buk-gu, Gwangju 61008, Republic of Korea.
*

U

corresponding author: gyjung@gist.ac.kr

N

Highlights:

Facile synthesis of ultrathin amorphous Pd layer (2 - 5 nm) on ZnO nanorods.



Comparison of sensing behavior between amorphous and crystalline Pd-coated ZnO
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nanorods sensors.
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Demonstration of superior sensing response (12,400%) of amorphous Pd-coated ZnO

High stability of amorphous Pd-coated ZnO nanorods sensors.
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nanorods sensors.

Abstract

For monitoring H2 concentrations in air, diverse resistive gas sensors have been

A

demonstrated. In particular, Pd-decorated metal oxides have shown remarkable selectivity and
sensing response for H2 detection. In this work, H2 sensing behavior of amorphous Pd layer
covering ZnO nanorods (am-Pd/ZnO NRs) is investigated. This is the first report on the
1

enhanced gas sensing performance attained by using an amorphous metal layer. The amorphous
Pd layer is generated by reduction reaction with a strong reducing agent (NaBH4), and it covers
the ZnO nanorods completely with a thickness of 2 ~ 5 nm. For comparison, crystalline Pd
nanoparticles-decorated ZnO nanorods (c-Pd/ZnO NRs) are produced using a milder reducing
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agent like hydrazine. Comparing the c-Pd/ZnO NRs sensor and other previously reported
hydrogen sensors based on the crystalline Pd and metal oxides, the am-Pd/ZnO NRs sensor

SC
R

exhibits a remarkable sensing response (12,400 % at 2 % H2). The enhancement is attributed

to complete cover of the amorphous Pd layer on the ZnO NRs, inducing larger interfaces
between the Pd and ZnO. In addition, the amorphous Pd layer prevents surface contamination

U

of the ZnO NRs. Therefore, the am-Pd/ZnO NRs sensor maintains initial sensing performance

N

even after 5 months.
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1. Introduction

Fuel cells, which are operated by hydrogen (H2) gas, have been highlighted as a

PT

promising energy devices [1,2]. Unfortunately, the flammability of H2 in air at concentrations
higher than 4 % is a considerable safety issue [3]. In this regard, a gas sensor that can detect

CC
E

small amounts of H2 should be developed for monitoring H2 gas leakages. There are various
approaches for fabricating H2 gas sensors in the forms of electrochemical [3,4], optical [5,6] or

A

resistive devices [7-9]. Among them, the resistive gas sensors are attractive because of their
simple fabricating process, portability, and miniaturization.
The channels of the resistive gas sensors are conventionally based on metal oxides
2

such as SnO2 [10], ZnO [11] or WO3 [12]. As film-typed channel is not suitable due to fewer
adsorption sites present on the surface, one-dimensional (1D) metal oxide nanostructures have
been researched as promising channels for sensitive gas sensors [13,14], including 1D ZnO
nanorods [15,18-21] or nanowires [22,23] owing to their high surface to volume ratio,
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T

conductivity, and good stability. The resistance of metal oxide changes reversibly with the
adsorption or desorption of gas molecules on the channel surface. Sensing mechanism also

SC
R

depends on both the metal oxide type and the target gas molecules [14]. ZnO, which is an ntype semiconductor, loses some intrinsic carriers (electrons) to the chemisorbed oxygen on the

ZnO surface. If the ZnO is exposed to H2 gas, the strong reducing H2 gas reacts with the

U

chemisorbed oxygen species, giving byproducts of water (H2O). Then, electrons return to the

N

ZnO, increasing the conductivity or decreasing the resistance within the channel [14,24,26].

A

In general, the metal oxide-based gas sensors require high operating temperatures of

M

approximately 200-400 °C [13-24] or UV activation [23,26] to produce a suitable sensing
atmosphere for eliminating moisture and other adsorbed chemical species to induce

ED

chemisorption of oxygen species on the ZnO surface. However, the embedded heaters or UV

PT

lamps require additional energy consumption, limiting the commercialization of such sensors.
For reducing the operating temperature, noble metals such as Au [27,28], Pt [29,30] or Pd
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[8,31-35] have been applied as catalysts for enhancing the adsorption and desorption of gas
molecules. Specifically, the Pd can dissociate H2 molecules and store H atoms at interstitial
sites. Therefore, metal oxides composited with the noble metal show a remarkable resistance

A

change to H2 gas exposure. Diverse approaches have been attempted for H2 gas sensors by
combining ZnO and Pd [24,36]. Various Pd nanostructures have been introduced to enhance
the catalytic effect [37-39]. Several studies have been attempted to tune the intrinsic properties
3

of Pd by alloying with other metals to enhance the catalytic activity for H2 dissociation [40,41].
Unfortunately, it is reported that the sensing performance deteriorated with metal oxide surface
contamination by strong adsorbates such as sulfur [42,43]. Therefore, regeneration process at
a high temperature above 400 °C was required to remove the adsorbates but, the noble metals
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were easily aggregated at this temperature, resulting in a poor gas sensing performance owing
to the resultant less catalytic area [43].
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Amorphous materials were synthesized and applied as catalysts [44-46]. Owing to the
nature of their disordered atoms and irregular surfaces, amorphous materials are apparently

different to crystalline ones. The atomic arrangement of a solid surface is directly related to its

U

interactions with the interfacing gases or liquids, e. g. adsorption or desorption. Some chemical

N

reactions that occur at solid-gas or solid-liquid interfaces can be altered when amorphous solids

A

are utilized. For example, it is reported that several amorphous catalysts such as Pd

M

nanoparticles [45] or cobalt iron oxide [46] demonstrated a superior catalytic activity for
oxygen reduction or evolution reactions compared to crystalline ones. Despite of their superior

ED

catalytic activities and unique intrinsic properties, amorphous metals have not been studied in

PT

the field of the resistive gas sensors.

In this report, an amorphous Pd layer was uniformly synthesized on the hydrothermally

CC
E

grown ZnO nanorods (am-Pd/ZnO NRs) via a facile method using a strong reducing agent
(NaBH4), and this system was investigated as a resistive-typed H2 gas sensor. With a similar
synthetic process using a milder reducing agent (hydrazine), crystalline Pd nanoparticles were

A

also decorated onto the ZnO NRs (c-Pd/ZnO NRs) to compare their H2 gas sensing
performance.

4

2. Experimental method
2.1. Materials
Zn(NO3)2∙6H2O (98 %, Sigma-Aldrich), hexamethylenetetramine (HMTA, 99.0 %,
Sigma-Aldrich), deionized water (DI, 18 MΩ cm, Millipore), PdCl2 (99 %, Sigma-Aldrich),
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KCl (99.0 - 100.5 %, Sigma-Aldrich), NaBH4 (99 %, Sigma-Aldrich) and hydrazine
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monohydrate (98 %, Sigma-Aldrich) were purchased and used without any further purification.

2.2. Synthesis of the ZnO NRs

ZnO NRs were grown using a hydrothermal process. A ZnO seed layer was deposited

U

onto a SiO2/Si substrate via a sputtering process (RF & DC Magnetron Sputtering System,

N

KVS-2003L). The thickness of the seed layer was adjusted to 50 nm. The seed layer was treated

A

with a UV-ozone cleaner (UVO cleaner, AHTECH LTS) to induce a hydrophilic surface. The

M

layer was then dipped into an aqueous solution consisting of Zn(NO3)2∙6H2O (25 mM) and
HMTA (25 mM) for the ZnO NRs growth at 92 °C for 6 hrs. Finally, the sample was washed

PT

ED

with DI water and blow-dried with a nitrogen gun.

2.3. Synthesis of the am-Pd/ZnO NRs

CC
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The amorphous Pd on the ZnO NRs was formed by using a reduction method with
NaBH4. Initially, a 3 mM aqueous solution of K2PdCl4 was prepared by adding PdCl2 (3 mM)
and KCl (6 mM) in DI water. The precursor solution was spin-coated on the ZnO NR substrate

A

and the sample was placed into a NaBH4 solution (0.01 M) at room temperature. After 2 hrs,
the sample (am-Pd/ZnO NRs) was washed with DI water and blow-dried with a nitrogen gun.

5

2.4. Synthesis of the c-Pd/ZnO NRs
Following the same synthetic process as the am-Pd/ZnO NRs until the coating of
K2PdCl4 precursor on the ZnO NRs, the Pd precursor was reduced by hydrazine (0.01 M)
dissolved in DI water. The other conditions, such as the reaction time and temperature, were
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same for the am-Pd/ZnO NRs synthesis. Lastly, the sample was placed on a hot plate at 100 °C
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R

for 30 min to enhance crystallinity of the Pd.

2.5. Characterization

Field emission-scanning electron microscopy (FE-SEM, JEOL 7300, 5 kV, 20 μA) and

U

high -resolution transmission electron microscopy (HR-TEM, Technai G2 F30, 300 keV) were

N

used for observing the morphology of the materials. The crystallographic properties were

A

confirmed by X-ray diffraction (XRD, Rigaku Ru-200B) with a CuKα source. The 2θ range

M

was selected between 25° and 60° with a scan rate of 1° min-1. Surface compositions and
electronic states were investigated by X-ray photoelectron spectroscopy (XPS, MULTILAB

PT

ED

2000) with a monochromic Al Kα X-ray source.

2.6. Sensor fabrication and measurement

CC
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For constructing the resistive H2 sensors, a Cr (10 nm)/Au (20 nm) interdigitated
electrode with a finger width of 1500 μm and inter-finger spacing of 100 μm was deposited on
a SiO2/Si substrate. A ZnO seed layer was then deposited locally at the center region of the

A

interdigitated electrode area by using a shadow mask. Then, ZnO NRs growth and Pd layer
coating were performed as described above. The sequential processes are depicted in Scheme
1.
6

H2 gas sensing was measured at 20 oC via a homemade gas chamber connected to a
vacuum pump and mass flow controllers (SEC-7400), which maintained a desired gas
concentration. The gas concentration was controlled by varying the flow rates of air and H2 gas
while the total flow rate (3000 sccm) was fixed. The current of gas sensor was measured

IP
T

continuously through a sourcemeter (Keithley 2400) at 1 V. Prior to measurements, a stable

SC
R

base current was achieved after exposing in air for 30 min.

3. Result and discussion
3.1. Synthesis and characterization of Pd/ZnO NRs

U

The ZnO NRs were hydrothermally grown on the ZnO seed layer [47]. After spin-

N

coating the K2PdCl4 precursor solution on the ZnO NRs sample, the solution selectively soaked

A

the ZnO NRs because abundant hydroxyl groups (Zn-OHs) [47,48] were present on the ZnO

M

NRs, making them more hydrophilic compared to the other regions of SiO2 and the Au
electrode. The coated Pd precursors were converted into a metallic phase by dipping the sample

ED

into a reducing agent. Two reducing agents, NaBH4 and hydrazine, were utilized to generate

PT

different Pd phases. The reduction rate of the Pd precursor layer determined the Pd metallic
phase. The NaBH4, which is one of the strong reducing agents, rapidly generated amorphous

CC
E

metallic layer within several seconds [49,50]. In contrast, the hydrazine, a relatively mild
reducing agent, reduced the Pd precursors into crystalline metal nanoparticles [45].
The synthesized materials were observed by using scanning electron microscopy

A

(SEM) and transmission electron microscopy (TEM). ZnO NRs were densely grown on the
seed layer (Fig. 1a) with a hexagonal top facet (Fig. 1b) with a diameter in the range of 50 ~
100 nm and a length of approximately 2 μm (Fig. S1). In general, the diameter depends on the
7

concentration of the precursor solution (Zn(NO3)2 and HMTA), and the length was controlled
by the reaction time [51]. After the reduction process, the ZnO NRs surface appeared rougher
without noticeable destruction of the nanorod (Fig. 1c and 1d, and Fig. S2).
TEM images (Fig. 2) shows more detailed information on the Pd layer, including

IP
T

crystallographic information. Single crystalline characteristic of the ZnO NR was identified in
Fig 2a and 2b. The indicated plane in Fig. 2b represents the (002) crystal plane with a spacing

SC
R

of 0.26 nm. The Pd layer, synthesized via the NaBH4 reducing agent, completely covered the

ZnO NR surface with a thickness of 2 ~ 5 nm (Fig. 2c and 2d). HR-TEM image (Fig. 2d)
demonstrated the single crystalline ZnO NR-core covered with amorphous Pd-shell. The fast

U

Fourier transform (FFT) pattern of Fig. 2d represented only ZnO (002) crystal plane. The

N

corresponding selected area electron diffraction (SAED) pattern also revealed diffraction spots

A

derived only from the single crystalline ZnO NR, verifying the amorphous phase of Pd layer

M

(Fig. S3a). The amorphous Pd-coated ZnO NRs are hereafter denoted as am-Pd/ZnO NRs.
After being treated with the hydrazine, the Pd precursor layer was converted into Pd

ED

nanoparticles with a diameter of 4 ~ 6 nm, which attached to the ZnO NR surface as shown in

PT

Fig. 2e and 2f. In comparison to the am-Pd/ZnO NR, the FFT and SAED patterns of hydrazinetreated sample (Fig. 2f and Fig. S3b, respectively) had diffraction spots coming from both the
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crystalline ZnO and Pd nanoparticles, indicating the crystallinity of the Pd nanoparticles. The
crystalline Pd nanoparticles-attached ZnO NRs are hereafter denoted as c-Pd/ZnO NRs.
For more crystallographic information, X-ray diffraction (XRD) patterns were also

A

measured (Fig. S4). The XRD pattern of the grown ZnO NRs (Fig. S4a) showed three assigned
peaks at 31.8°, 34.3°, and 36.3°, representing the (100), (002), and (101) planes, respectively
(PDF# 36-1451). The peak located at 38.2° was attributed to the (111) plane of the Au electrode
8

(PDF# 00-004-0784). However, there were no Pd peaks in both the am-Pd/ZnO NRs and cPd/ZnO NRs. It appeared that the amount of Pd precursor on the ZnO NRs was too small to be
detected. To evidence this, the Pd precursor solution was drop-casted on a dummy SiO2
substrate and reduced with the NaBH4 or hydrazine (Fig. S4b). A peak for potassium chloride
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T

(KCl), which was a byproduct of the reaction with K2PdCl4, was observed in both samples.
Two peaks at 40.3° and 46.6° corresponding to the Pd (111) and (002) planes, respectively

SC
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(PDF# 05-0681), were observed only in the sample treated with the hydrazine, indicating that
crystalline Pd was generated.

X-ray photoelectron spectroscopy (XPS) was measured to analyze the compositions

U

and electronic states of the elements at the surface. The wide XPS spectra of the am-Pd/ZnO

N

NRs, c-Pd/ZnO NRs, and pure ZnO NRs predominantly contained Zn2p and O1s peaks (Fig.

A

S5). The Pd3d peak was present in both the am-Pd/ZnO NRs and c-Pd/ZnO NRs, in which the

M

atomic content of Pd with respect to Zn (Pd/Zn) was 0.096 and 0.060, respectively. The lower
Pd content ratio of c-Pd/ZnO NRs than that of the am-Pd/ZnO NRs was ascribed to partial

ED

exposure of the ZnO NRs surface.

PT

The narrow O1s XPS spectra (Fig. 3a) were fitted with three O species: fully
coordinated O2- ions in the ZnO lattice (denoted as O1), O2- ions around defect sites or OH

CC
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groups (denoted as O2), and chemisorbed oxygen on the ZnO surface (denoted as O3) [52,53].
The atomic percent of O3 in the total oxygen species was 11.5, 30.4 and 18.9 % for the amPd/ZnO NRs, c-Pd/ZnO NRs and pure ZnO NRs, respectively. Oxygen can be chemisorbed on

A

a ZnO NR surface in the forms of O-, O2- or O2-. The chemisorbed oxygens are generated after
dissociation of the O2 molecules [25]. In general, noble metal catalysts (Pt or Pd) can facilitate
O2 dissociation and increase the number of chemisorbed oxygens on the metal oxide surface.
9

The higher O3 content (more chemisorbed oxygens) on the c-Pd/ZnO NRs than that of the pure
ZnO NRs was caused by the catalytic effect of the Pd nanoparticles deposited on the ZnO NRs.
In contrast, the lower chemisorbed oxygen content on the am-Pd/ZnO NRs than that of the
pristine ZnO NRs can be explained by the uniform coating of the amorphous Pd layer on the

IP
T

ZnO NR surface, which prevented the chemisorption of the oxygen species.
In Fig. 3b, the Pd3d peaks of the am-Pd/ZnO NRs and c-Pd/ZnO NRs are compared

SC
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and fitted with Pd-O and metallic Pd. Similar amounts of Pd-O were formed regardless of the
reducing agents (29 % and 26 % for the am-Pd and c-Pd, respectively). The metallic Pd peak
position of the am-Pd/ZnO NRs was located at 335.71 eV, which was 0.26 eV higher than that

U

of the c-Pd/ZnO NRs. As the peak position of Pd3d shifts to a higher voltage with increasing

N

the coordination number, more 3d electrons in the am-Pd/ZnO NRs are engaged with higher

M

A

coordinated atoms [53,54].

3.2. H2 sensing behaviors at high concentrations

ED

Sensor performances were investigated using a real-time current measurement at

PT

different H2 gas concentrations. The sensing response is defined as S (%) = [(Ig - Ia) / Ia × 100],
where Ia is the measured current in the presence of air only and Ig is the current when the sensor
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is exposed to H2 gas. As a preliminary step, the effect of K2PdCl4 precursor concentration (0.5
~ 30 mM) on the sensing response was investigated (Fig. S6). The sensing response was
calculated based on the current recorded after 5 min exposure of H2 gas. The optimized

A

concentration of K2PdCl4 precursor solution was 3 mM, considering the higher sensing
response especially at lower H2 concentrations less than 2 %. The sensor prepared at a lower
concentration of K2PdCl4 did not produce enough catalytic sites for sensing. On the other hand,
10

at high K2PdCl4 concentration, thick amorphous Pd layer was generated, which disturbed the
adsorbed hydrogen to diffuse into the surface of ZnO NR. Therefore, the conductivity of ZnO
NR was not that much altered after hydrogen exposure. The following experiments were
conducted with the sensors spin-coated with the 3 mM of K2PdCl4 precursor solution.
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Fig. 4a shows the steady-state resistance responses of the am-Pd/ZnO NRs and cPd/ZnO NRs sensors at various H2 concentrations in the range of 0.5 ~ 6 % along with their

SC
R

corresponding sensing response curves in Fig. 4b. Each cycle was conducted with 5 min of H2
gas exposure followed by 10 min of recovery. The sensing response linearly increased with the
H2 concentration. In the case of am-Pd/ZnO NRs sensor, the sensing response reached a value

U

of 17,400 % at 6 % concentration. Repeatability test was also performed for 10 cycles at 0.5 %

N

H2 concentration (Fig. S7), and the same sensing performance was recorded in each sensing

A

cycle. The sensing response of the am-Pd/ZnO NRs sensor measured at 1 % H2 concentration

M

(7,950 %) was superior to other previously reported hydrogen gas sensors, operating at room
temperature (Table S1). The sensing response of c-Pd/ZnO NRs sensor was 800 % at 0.5 %

ED

concentration, increased to 2,500 % at 4 % concentration, and then saturated.

PT

The sensing response curves of the am-Pd/ZnO NRs and c-Pd/ZnO NRs sensors at 2 %
concentration are compared in Fig. 4c. The sensing response of am-Pd/ZnO NRs sensor

CC
E

(12,400 %) was 5 times that of the c-Pd (2,400 %). They were normalized with Smax, which
was the maximum response value after 5 min of H2 exposure, for comparing the response and
recovery behavior (inset of Fig. 4c). The response and recovery times are defined as the

A

required time to approach 90 % of Smax during the H2 exposure and 10 % of Smax during the
recovery, respectively [31,35]. The c-Pd/ZnO NRs sensor demonstrated a faster response time
of 156 sec and recovery time of 61 sec than those of 227 sec and 95 sec for the am-Pd/ZnO
11

NRs sensor, respectively.
In general, metal oxide conductivity changes depending on the amount of chemisorbed
oxygens (Mechanism Ⅰ, Fig. S8) [24,25,36]. The Pd nanoparticles act as catalysts for splitting
O2 or H2 molecules. First, O2 molecules are dissociated on the Pd catalysts and diffuse into the
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ZnO surface. Then, some electrons in the ZnO move to the adsorbed O; depletion regions are
formed at the interface of Pd particles/ZnO; and the conductivity of ZnO is reduced. After

SC
R

exposure to H2 gas, the Pd also facilitates the dissociation of H2 molecules into two H atoms.
The H atoms react with the adsorbed O on the ZnO surface with a byproduct of water. Then,
the electrons captured in the adsorbed O return to the ZnO, and the conductivity increases

U

owing to the increased carriers within the ZnO. The c-Pd/ZnO NRs sensor followed

N

Mechanism Ⅰdue to the abundant chemisorbed oxygen on the ZnO surface, as confirmed from

A

the O1s XPS spectra (Fig. 3a).

M

However, the higher sensing response of the am-Pd/ZnO NRs sensor could not be
explained using the Mechanism I, considering the lower amount of chemisorbed oxygens.

ED

Instead, it can be explained by the lowering of Pd work function (Mechanism Ⅱ, Fig. S9),

PT

associated with the diffusion of dissociated H into the Pd. The work function of Pd decreases
with increasing the interstitial H atoms within the Pd [55]. Due to the Schottky barrier formed

CC
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between Pd and ZnO, the electron flow at the interface becomes limited. After lowering the
work function of Pd during H2 exposure, the Schottky barrier height decreases and thus,
electron transfer between the Pd layer and ZnO becomes more facile, enabling higher

A

conductivity [25,37]. In this case, the amount of chemisorbed oxygens on the ZnO surface have
nothing to do with the increased conductivity. The slower response of the am-Pd/ZnO NRs
sensor was ascribed to the delay time for interstitial diffusion of H atoms into the deep Pd layer,
12

which was interfacing the ZnO [56]. Meanwhile, in the case of c-Pd/ZnO NRs sensor, as the
sensing reaction occurred at the chemisorbed oxygens located at the exposed ZnO surface, the
delay time for interstitial diffusion of H atoms was no longer concerned, exhibiting the
relatively faster response. The interfacial area between the Pd and ZnO played an important

IP
T

role in both mechanisms. The remarkable sensing response of the am-Pd/ZnO NRs sensor was

SC
R

attributed to the larger Pd/ZnO interface area.

3.3. H2 sensing behaviors at low concentrations

Notably, the fabricated sensors worked even at 0.01 % H2 (100 ppm) with a sensing

U

response of 50 %. The sensing responses at low concentrations below 0.5 % (Fig. 5a)

N

demonstrated different behaviors than those at high H2 concentrations. Both sensors (am-

A

Pd/ZnO NRs and c-Pd/ZnO NRs) were saturated rapidly with a response time of less than 10

M

sec. The discrepancy in the sensing responses between the two sensors decreased with
decreasing the H2 concentration, and they had the same sensing response at 0.01 % (100 ppm).

ED

Adsorption of gas molecules at low concentration can be modeled based on the Langmuir

PT

isotherm theory. For the adsorption behavior of diatomic H2 on Pd, the adsorption (ra) and

ra = ka p (1-θ)2

(1)

rd = kd θ2

(2)

A

CC
E

desorption rate (rd) are described as [37,38]

,where ka and kd are adsorption and desorption constant, respectively, p is a partial pressure of
the H2 gas, and θ (coverage) is the fraction of hydrogen atoms absorbed on the Pd. At
13

equilibrium, both rates should be same to maintain steady state. Thus, the following formula
can be derived,

→

θ/(1-θ) = (ka/kd)1/2 p1/2 = C p1/2

(3)

IP
T

ra = rd

,where C is a function of ‘heat of adsorption’, which is the amount of heat released during the

SC
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adsorption. At a low partial pressure of H2 gas (θ << 1), the formula can be approximated by

(4)

U

θ ≈ C p1/2

N

Because the sensing response (S) is proportional to the coverage (θ), it is related to the square

M

A

root of H2 concentration.

(5)

ED

S ∝ θ ∝ p1/2

PT

The sensing response plots vs. p1/2 at low concentrations (0.01 ~ 0.5 %) exhibited
linearity regardless of the sensor type (Fig. 5b). There are several reports on comparing

CC
E

solubility of H2 into crystalline and amorphous metals [57,58]. Because of abundant defect
sites in the amorphous metals, which is beneficial for H2 adsorption, the amorphous metals own

A

a higher solubility than the crystalline ones, and therefore the amorphous metal has a higher
heat of adsorption, and thus a higher C. The higher slope (proportional to the constant C) of
sensing response plots (vs. p1/2) of am-Pd/ZnO NRs than that of the c-Pd/ZnO NRs sensor
14

coincides with the prediction. On the contrary, the plots at high concentrations were not linear
(Fig. 5c). The different sensing behaviors could be explained with the Pd phase variation. At a
low partial pressure of H2, palladium metal is converted into α-phase palladium hydride (αPdHx, x < 0.017). Meanwhile, at H2 concentrations over 0.5 %, a new phase called β-phase

IP
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palladium hydride (β-PdHx, x > 0.58) is generated. Both phases coexist at a concentration range
of 0.5 ~ 2 % and the contents of β-PdHx increase with the H2 concentration [59]. The abundant

SC
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interstitial H atoms in the β-PdHx interrupted the additional adsorption of H atoms, and

therefore the sensing response became nonlinear to p1/2 and saturated after full conversion into
the β-PdHx as shown in Fig. 5c. In the case of c-Pd/ZnO NRs sensor, there were no significant

U

resistance changes even at higher concentrations of over 2 %, showing a saturated sensing

N

response (Fig. 4a). However, the disordered Pd atoms in amorphous Pd layer provided random

A

adsorption sites or interstitial sites for H atoms in contrast to the crystalline Pd lattice, enabling

ED

to a higher concentration.

M

more adsorption of H atoms into the amorphous Pd layer and shifting the response saturation

PT

3.4. Humidity dependence and selectivity of the am-Pd/ZnO NRs sensor
Humidity dependence of the am-Pd/ZnO NRs sensor was explored as shown in Fig.
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S10. The sensing response at 1 % H2 concentration decreased with increasing the relative
humidity because the water molecules could physically adsorb onto the Pd layer, blocking the

A

adsorption of H2 gas and inducing a lower sensing response.
Selectivity test of the am-Pd/ZnO NRs sensor was investigated at room temperature

with a relatively high concentration (5 %) of methanol, ethanol, acetone, and CO2 (Fig. S11).
When above gases were injected, the am-Pd/ZnO NRs sensor exhibited negligible responses
15

(1.9, 2.0, 2.1, and 5.3 % to methanol, ethanol, acetone, and CO2, respectively), which were
much lower than the sensing response (680 %) to 0.1 % H2. These results indicate a superior
selectivity of the am-Pd/ZnO NRs sensor to H2 gas at room temperature.
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3.5. The effect of operating temperature on the sensing response
The effect of operating temperature on the am-Pd/ZnO NRs sensing performance was

SC
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investigated by maintaining the substrate stage at a certain temperature below 100 oC (Fig. S12)

to avoid undesirable morphology changes of the am-Pd layer. The increment in operating
temperature slightly lowered the initial resistance of ZnO NRs owing to increased carrier

U

mobility; meanwhile, the sensing response was significantly improved. The sensing response

N

at 80 °C (28,000 %) was 3.5 times that (7,950 %) measured at 20 oC because high operating

M

A

temperature was boosting the catalytic activity of Pd for H2 cleavage and adsorption [36].

ED

3.6. Long-term stability of the sensors

The fabricated sensors were tested after five months storage in ambient conditions

PT

without any sealing or treatment favorable for stability (Fig. 6a). The am-Pd/ZnO NRs sensor
showed no noticeable changes in their base current after five months; the on-current was

CC
E

negligibly reduced from 8.6×10-5 to 8.2×10-5 A along with the same recovery behavior. In
contrast, the base current of the c-Pd/ZnO NRs sensor was reduced remarkably from 1.8×10-6

A

to 4.0×10-7 A, and the on-current was altered from 1.9×10-5 to 2.4×10-6 A (Fig. 6b). The sensing
response of the c-Pd/ZnO NRs sensor at 1 % concentration became 500 %, which was almost
half of the initial response (960 %). This significant change was probably caused by the ZnO
16

surface contamination with the existing carbon or sulfur in air [42,43]. The adsorbed
contaminants affect the depletion region of ZnO surface, inducing changes in base current and
thus sensing response. In the case of am-Pd/ZnO NRs, the amorphous Pd layer fully covered
the ZnO NRs and prevented the adsorption of contaminants on the ZnO surface, suggesting a

IP
T

promising approach for achieving highly stable H2 gas sensor at room temperature.

SC
R

4. Conclusion

In this report, ZnO NRs were synthesized and applied as a channel material for
resistive hydrogen gas sensors. The amorphous Pd layer was produced via spin-coating a

U

precursor solution and facile reduction reaction with a strong reducing agent (NaBH4). The

N

amorphous Pd layer covered the ZnO NRs completely with a thickness of 2 ~ 5 nm, and

A

therefore the ZnO NRs were rarely exposed to the air. The uniformly coated Pd layer created a

M

much larger interface between the Pd and ZnO, inducing much more sensitive sensing behavior

ED

compared to the crystalline Pd particles-decorated ZnO NRs with a similar Pd loading. The
sensing response of am-Pd/ZnO NRs sensor (12,400 %) was 5 times that of the c-Pd/ZnO NRs

PT

sensor (2,400 %) at 2 % H2 concentration. Despite of the low density of chemisorbed oxygen
on the ZnO NR surface, the high sensing response could be explained by the reduced work

CC
E

function of amorphous Pd layer, inducing facile electron transfer at the Pd/ZnO interface. In
addition, the fully covered amorphous Pd layer prevented the contamination of ZnO NRs,

A

indicating that the intrinsic properties of ZnO could be maintained. Thus, the am-Pd/ZnO NRs
sensor demonstrated superior stability even after 5 months of storage in air. The sensing
performance of am-Pd/ZnO NRs sensor provides a promising strategy for developing highly
17

sensitive and stable H2 gas sensors, operating at room temperature.
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Figure captions
Scheme 1 A schematic diagram describing the fabrication of the am-Pd/ZnO NRs sensor.
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Fig. 1 SEM images of the (a-b) ZnO NRs and (c-d) am-Pd/ZnO NRs.

Fig. 2 TEM images of the (a-b) ZnO NR, (c-d) am-Pd/ZnO NR, and (e-f) c-Pd/ZnO NR. Insets
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of (d and f) show the FFT patterns of am-Pd/ZnO NR and c-Pd/ZnO NR, respectively.

Fig. 3 (a) High-resolved O1s XPS spectra of the ZnO NRs, c-Pd/ZnO NRs and am-Pd/ZnO

N

U

NRs. (b) High- resolved Pd3d XPS spectra of the c-Pd/ZnO NRs and am-Pd/ZnO NRs.

A

Fig. 4 (a) Steady-state resistance responses and (b) sensing responses of the am-Pd/ZnO NRs

M

and c-Pd/ZnO NRs sensors at different H2 concentrations (0.5, 1, 2, 4, and 6 %). (c) Sensing

ED

response curves of the am-Pd/ZnO NRs and c-Pd/ZnO NRs sensors at 2 % H2 concentration.

PT

Inset shows the normalized sensing response curves at 2 % H2 concentration.

Fig. 5 (a) Sensing responses of the am-Pd/ZnO NRs and c-Pd/ZnO NRs sensors at low H2
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concentrations (0.01, 0.05 and 0.1 %). Sensing responses as a function of [H2 concentration]1/2

A

(b) below 0.5 % and (c) above 0.5 %. Lines are provided to guide the eye.

f. 6 Stability test; comparison of the sensing responses at 1 % H2 concentration for the (a) amPd/ZnO NRs and (b) c-Pd/ZnO NRs sensors measured after 5 months of storage in air.
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Fig. 2 Kim et al.
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