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Au@NiO yolk-shell nanoparticles (NPs) were synthesized by simple solution route and applied for 
efficient gas sensor towards H2S gas. Carbon capsulated Au (Au@C core-shell) NPs were synthesized by 
glucose-assisted hydrothermal method, whereas Au@NiO yolk-shell NPs were synthesized by 
precipitation method using Au@C core-shell NPs as a template. Sub-micrometer Au@NiO yolk-shell 10 

NPs were formed having 50-70 nm Au NPs at the periphery of NiO shell (10-20 nm), which was 
composed of 6-12 nm primary NiO particles. Au@NiO yolk-shell NPs showed higher response for H2S 
compared to other interfering gases (ethanol, p-xylene, NH3, CO and H2). The maximum response was 
108.92 for 5 ppm of H2S gas at 300oC, which was approximately 19 times higher than those for the 
interfering gases. The response of Au@NiO yolk-shell NPs to H2S was approximately 4 times higher than 15 

that of bare NiO hollow nanospheres. Improved performance of Au@NiO yolk-shell NPs was attributed 
to hollow spaces that allowed the accessibility of Au NPs to gas molecules. It was suggested that 
adsorption of H2S on Au NPs resulted in formation of sulfide layer, which possibly lowered its work 
function, and therefore tuned the electron transfer from Au to NiO rather NiO to Au, which leaded to 
increase in resistance and therefore response. 20 

Introduction  

The concerns related to the toxic effects of chemicals on human 
being and its surrounding environment lead into the rapid 
development of gas sensors for personal safety, environmental 
sustainability, and so forth.1-5 Among various toxic gases, 25 

hydrogen sulfide (H2S) is a colorless gas with the distinct smell of 
rotten eggs. H2S is extremely dangerous due to its flammability as 
well as its high lipid solubility, which allows it to pass through 
the cellular membranes in the body, forms a complex bond with 
iron in the mitochondrial cytochrome enzymes, thus preventing 30 

cellular respiration.6 It is readily produced as a byproduct from 
petroleum refining, farming and waste management to natural gas 
production.6, 7 The odor threshold of H2S was set to 10 ppm and 
at concentrations exceeding 150 ppm, H2S is extremely toxic and 
hazardous.6-8 The human body also produces small amounts of 35 

H2S in exhaled breath, which is used as a signaling molecule for 
metabolic disorder called as halitosis. 9 These factors indicate the 
importance of development of low cost and more efficient sensing 
devices capable of detecting H2S at low concentrations.  

Metal oxide semiconductor (MOS) gas sensors, such as SnO2, 40 

ZnO, In2O3, WO3, NiO, Co3O4, play an important role in the 
detection of toxic pollutants and flammable gases.10-15 Nickel 
oxide (NiO) is a chemically and thermally stable p-type 
semiconductor with band gap energy equal to 3.6–4.0 eV.16 The 
amount of oxygen adsorption in NiO is known to be significantly 45 

higher than other metal oxides,17 which makes it suitable 
candidate for gas sensing and chemical catalyst.16, 18-21 The 
malodor gases generally have relatively higher reactivity 
compared with the conventional VOCs, and thus easier to be 
detected by using metal oxide gas sensor.22, 23 Although, the gas 50 

sensing property of NiO is tremendously investigated, its gas-
sensing performance towards H2S is still needs to be improved. It 
has been reported by several researchers that the performance of 
gas sensors towards H2S can be enhanced by incorporation of 
noble metals, such as gold.23- 28 However, noble metals NPs are 55 

unstable against sintering due to increased mobility of the metal 
NPs on the support at higher temperatures, which results in a loss 
of catalytic activity, which is a serious problem in many 
applications.29 In recent years, much scientific effort has been 
directed toward the design and fabrication of nanomaterials with 60 

controlled morphologies and tailored properties, such as metal 
core-semiconductor shell clusters.30-32 In such a core-shell 
structure, the intrinsic optical and crystal structural characteristics 
of core–shell structured NPs can be maintained at high 
temperatures because coalescence of the core material and crystal 65 

growth of the shell materials are greatly restricted.32 Yet, efforts 
to utilize these core-shell structures as sensing materials in gas 
sensors is limited due to low accessibility of metal NPs to gas 
molecules, which is crucial for application in gas sensing. 
Recently, a hybrid of core–shell structure, with the unique 70 

properties of movable cores, hollow spaces, and the functionality 
of shells, has attracted tremendous interest in gas sensing, 
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catalysis, drug delivery and battery applications.33-36 
Herein, for the first time, we have fabricated Au@NiO yolk–

shell nanoreactors for gas sensor application. Au@C core-shell 
NPs are used as template for deposition of polycrystalline NiO 
NPs using precipitation method followed by calcination. The 5 

Au@NiO yolk–shell sensor exhibited significantly enhanced 
sensing performance in terms of high sensitivity and selectivity to 
H2S in comparison with the hollow NiO one. It has been 
demonstrated that high accessibility of Au NPs to gas molecules 
in Au@NiO yolk–shell nanoreactors enhanced its sensing 10 

performance towards H2S. It has been suggested that 
chemisorbed H2S formed a sulfide layer on Au NPs, which 
possibly lowered the work function of Au NPs. The electrons are 
donated from the gold to the NiO, which resulted in an increase 
in electrical resistance of NiO, and thereby response. Therefore, 15 

Au@NiO yolk–shell nanoreactors have great potential as a high-
performance sensing material for gas sensors. Furthermore, this 
new finding and mechanism study of Au@NiO yolk–shell 
nanoreactors present important results for the design of novel 
sensing material using other heterostructures nanomaterials. 20 

Experimental   

Materials D-Glucose, HAuCl4, urea, ethanol, Ni(NO3)2·6H2O  
all purchased from Sigma-Aldrich, are analytical grade and were 
used without further purification. 
Synthesis of Carbon nanospheres The carbon nanospheres were 25 

synthesized using the method reported elsewhere with substantial 
modification.37 In a typical procedure, 0.5 M, D-Glucose solution 
(50 mL) was prepared in deionized water. This solution was 
placed in a 100 mL Teflon lined autoclave and maintained at 
180oC for 8 h. The brown-black products were separated by 30 

centrifugation, cleaned by three cycles of 
centrifugation/washing/redispersion in water and in ethanol, and 
oven-dried at 80oC for longer than 6 h. 
Synthesis of Au@Carbon core-shell NPs A 2 mL, 0.01 M 
solution of HAuCl4 was added to a glucose solution (50 mL, 35 

0.5M) with stirring to form clear solutions. The subsequent 
procedures were the same as described above for the synthesis of 
carbon nanospheres. 
Synthesis of Au@NiO yolk-shell NPs The Au@NiO yolk-shell 
NPs were synthesized by chemical precipitation of nickel nitrate 40 

fallowed by calcination as reported elsewhere with substantial 
modifications.38 In a typical synthesis, Au@C NPs (100 mg) were 
added in 20 mL ethanol and well dispersed with the assistance of 
sonication for 15 min. The nickel salt and urea were readily 
mixed in 5 mL water and added to Au@C solution. The 45 

concentration of nickel salt and urea was fixed at 0.04 and 0.4 M, 
respectively. Finally, glass bottle was sealed and kept at 80oC for 
24 h with vigorous stirring before the product was collected by 
centrifugation. The products were washed with ethanol and 
distilled water several and dried at 70oC for 5 h. The final metal 50 

oxide products were obtained after calcination at 450oC in static 
air for 3 h with a heating rate of 1 oC min−1. 
Characterization The crystallinity and phase of as prepared 
specimens were analyzed by X-ray diffraction (XRD, D/MAX-
2500V/PC, Rigaku, Japan), while the morphologies were 55 

investigated by high resolution transmission electron microscopy 
(HR-TEM, JEM-2100F, JEOL Co. Ltd., USA). Cross section 

images were taken by field-emission scanning electron 
microscopy (FE-SEM, S-4700, Hitachi, Japan) 
Sensing device fabrication and measurement An alumina 60 

substrate (area = 1.5×1.5 mm2; thickness = 0.25 mm) with two 
Au electrodes on its top surface (electrode widths = 1 mm; 
separation = 0.2 mm) and a microheater on its bottom surface was 
used. Bare and Au@NiO yolk-shell NPs were dispersed in de-
ionized water and the slurry was coated on the Au electrodes by 65 

drop-coating using a micropipette. The sensing temperatures were 
measured using an IR temperature sensor (Metis MP25, 
Sensortherm GmbH., Germany) and were controlled by the 
microheater underneath the alumina substrate. Heater powers of 
302, 376 and 445 mW were used to heat the alumina substrates to 70 

300, 350 and 400 oC, respectively. The sensors were contained in 
a specially designed, low-volume (1.5 cm3), quartz tube to 
minimize delays in changing their surrounding atmosphere. The 
sensor element was heated at 450oC for 12 h to prepare thermally 
stable sensors at the gas sensing temperature (300-400oC) and to 75 

remove the remaining solvents. The microstructure of the sensing 
layer was similar in both devices and also the thickness was 
below 10 µm in both devices (See Fig. S1 in supporting 
informatons). The gas responses (S = Rg/Ra; Ra, resistance in air 
and Rg, resistance in gas) to 5 ppm of ammonia (NH3), hydrogen 80 

sulphide (H2S), carbon monoxide (CO), ethanol (C2H5OH), 
hydrogen (H2), and p-xylene (1,4-dimethylbenzene, C6H4(CH3)2) 
were measured at 300−400oC. The gas concentrations were 
controlled by changing the mixing ratio of the parent gases (5 
ppm ammonia, 5 ppm hydrogen sulphide, 5 ppm p-xylene, 100 85 

ppm carbon monoxide, 100 ppm ethanol, and 100 ppm hydrogen; 
all in dry air balance) and dry synthetic air. The DC two-probe 
resistances were measured using an electrometer interfaced with a 
computer. 

Results and Discussion  90 

Fig. 1 shows the XRD pattern of carbon and Au@C core-shell 
along with their TEM images. The Au characteristic peaks are 
recorded at 38.07, and 44.2 belongs to (111) and (200) plane of 
face-centered cubic structure of Au NPs (JCPDS Card No. 04-
0784). There is no peaks related to carbon is recorded either in 95 

Au@C or carbon NPs due to its amorphous nature. Furthermore, 
no other impurity peaks, such as Au2O, Au2O3 AuCl, Au2Cl6 etc., 
are found in XRD profile, which indicates the complete reduction 
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Fig. 1 XRD patterns of the pure carbon and Au@C core-shell NPs. 100 
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Fig. 2 TEM images of the (a, b) Au@C core-shell and (c, d) pure carbon 

NPs. 

of Au salt into Au NPs. TEM analysis of as prepared carbon and 
Au@C core-shell NPs is carried out and shown in Fig. 2. TEM 5 

images clearly shows the formation of submicrometer (400-500 
nm) Au@C core shell NPs, which is composed of 50-70 nm Au 
NPs and 200 nm carbon shells (Figs. 2a and b). TEM images also 
shows the presence of few free carbon nanosphers. However, in 
the absence of Au NPs as a core, 200-250 nm carbon spheres are 10 

formed (Figs. 2c and d). 
Fig. 3 presents the XRD patterns of the hollow NiO and 

Au@NiO yolk-shell NPs. XRD results reveal the crystal structure 
of the bunsenite NiO in both specimens (JCPDS No. 47-1049). 
Two distinct peaks for Au NPs with (111) and (200) face-15 

centered cubic structure are recorded in Au@NiO yolk-shell NPs 
(JCPDS Card No. 04-0784). No impurity phases were observed 
from the XRD pattern, which confirms the high purity of the 
product. 
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Fig. 3 XRD patterns of the hollow NiO and Au@NiO yolk-shell NPs. 

 
Fig. 4 shows the detailed TEM analysis of hollow NiO and 

Au@NiO yolk-shell NPs. The formation of submicrometer yolk-
shell nanostructure can be clearly seen in Fig. 4a and b. There are 25 

few free NiO microspheres are also present, which is possibly 
related to presence of free carbon spheres in Au@C sample. 
These images clearly indicate the presence of the hollow structure 
with a shell wall thickness of ca. 10–20 nm. It appears that the 
shell is formed of closely packed 6-12 nm NiO NPs (Fig. 4c and 30 

d). The Au NPs (50-80 nm) are present at the periphery of the 
shell. The size of Au NPs in Au@NiO yolk-shell is almost 
similar to the size in Au@C core-shell NPs, which suggests that 
the formation of NiO shell restricts the grain growth of Au NPs 
during calcination. As compared to Au@C core-shell NPs, where 35 

Au NPs are present in the center, the presence of Au NPs at the 
periphery of the shell in Au@NiO yolk-shell confirms the 
formation of hollow structure. This indicates that calcination 
process reults in the removal of carbon shell, and therefore Au 
NPs become free and deposited at the periphery of the NiO shell. 40 

Moreover, the interface between Au NPs and NiO shell suggests 
the deposition of Au NPs on NiO shell through one side leaving 
other part exposed (Fig. 4d). It makes yolk-shell structure 
significantly diffeent than core-shell structures, where shell 
materilas are deposited on the entire surfaces of Au NPs.30-32 45 

Thus, the gas accesibility of Au NPs in yolk-shell structre is 
better than the core-shell structures. Furthermore, selected area 
electron diffraction (SAED) pattern clearly indicates the presence 
of Au core and polycrystalline NiO shell (Fig. 4e). In the absence 
of Au NPs, hollow NiO nanospheres in the range of 200 nm are 50 

formed as shown in Fig. 4f. The shell wall thickness of NiO 
nanospheres was 20-30 nm and it is also composed of 15-20 nm 
primary NiO NPs. 
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Fig. 4 TEM images of Au@NiO yolk-shell (a-e) and bare NiO NPs (f). 55 
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The formation mechanism of carbon spheres and Au@C core-
shell NPs was explained by Sun et al.37 They have proposed that 
oligosaccharides are formed in initial stage due to the 
polymerization of glucose. This is followed by carbonization step, 
where dehydration of oligosaccharides takes place. The nuclei 5 

then grew uniformly and isotropically resulted in the formation of 
carbon nanospheres. In Au@C core-shell NPs, first Au+ cations 
are reduced by glucose to Au NPs (Au0) as glucose is a strong 
reducing agent. This is followed by polymerization and 
carbonization of glucose, which resulted in the formation of 10 

Au@C core-shell NPs. However, the size of Au@C core-shell 
NPs is almost double the size of carbon spheres, which is 
possibly related to the growth of carbon shell on Au NPs (nuclei). 
Since, the number of Au NPs nuclei is comparatively lesser than 
the carbon nuclei in case of pure carbon spheres, and hence larger 15 

Au@C core-shell NPs are formed.  In the NiO coating process, 
the alkaline condition generated due to urea decomposition leads 
to the precipitation of the metal cations on the surface of the 
carbon templates to form a nickel hydroxide (Ni(OH)2) layer. It is 
known that urea decomposes slowly at a mild temperature (60oC) 20 

into CO2 and OH- , coupled with a large number of –OH bonds 
on the surfaces of the carbon spheres. The calcination of as 
prepared specimen at 450oC in presence of air results in the 
formation of highly crystalline NiO shell and the carbon spheres 
were removed. Therefore, Au@NiO yolk-shell structure is 25 

formed. A schematic presentation is shown in Fig. 5 to explain 
the formation mechanism of Au@ NiO yolk-shell nanostructures. 

Au@C core-shell

Hydrothermal

NiOH

NiO

Void

Au@NiO yolk-shell Au@C@NiOH core-shell

180oC/8 h

Precipitation

Calcination

450oC/2 h

Ni(NO3)/
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Au+-Glucose

C

Au

C

Au
Au

 
Fig. 5 Schematic presentation of the formation mechanism of Au@NiO 

yolk-shell NPs. 30 

The potential applications of Au@NiO yolk-shell NPs in gas 
sensor was investigated for H2S detection and displayed in Fig 6. 
The response characteristics of Au@NiO yolk-shell NPs towards 
H2S at 400oC is displayed in Fig. 6a. It can be seen that the 
corresponding responses increases with the increase of H2S 35 

concentration from 1.25 to 5 ppm. The maximum response is 
44.16 recorded for 5 ppm of H2S gas. Fig. 5b shows the response 
of Au@ NiO yolk-shell NPs to 1.25-5 ppm of H2S at operating 
temperatures from 300 to 400oC. It can be seen that response 
increases with decreasing testing temperature and maximum 40 

response (108.92) recorded at 300oC for 5 ppm of H2S gas. The 
response is increased approximately 2.5 times with decreasing 
temperature from 400oC to 300oC. However, response and 
recovery time increases with decrease in temperature as displayed 
in Fig. S2. Although, response increases with further decrease in 45 

temperature, however it was impossible to measure the response 
below 300oC due to fluctuation in resistance. As shown in Fig. S2, 
a little fluctuation in resistance at 300oC occurred, which is 
possibly related to very big change in resistance. Furthermore, 
stability and reproducibility was checked by repeating the 50 

mreasurement for 5 ppm of H2S gas at 400oC for 5 days (Fig. S3). 
The results shows that the sensor is relatively stable  
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Fig. 6 (a) Response transient at 400oC and (b) Response at various 55 

temperatures for Au@NiO yolk-shell NPs. 

The selectivity of Au@NiO yolk-shell NPs towards H2S gas 
was measured by comparing the response for common interfering 
gases and displayed in Fig. 7. It can be seen that the response for 
H2S is comparatively higher than other gases. Furthermore, 60 

response for H2S increases with decreasing the temperature, 
whereas it has no significant effect on other gases. The response 
for H2S is 7 times higher than interfering gases (maximum of 
xylene) at 400oC, which is increased to 19 times at 300oC 
(maximum of ammonia). Even for 1.25 ppm of H2S the response 65 

was 15.75, which was higher than the 5 ppm of interfering gases 
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at every temperature. These results indicate the selectivity of 
Au@NiO yolk-shell NPs towards H2S possibly originated due to 
catalytic effect of Au NPs. 
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Fig. 7 Response of Au@NiO yolk-shell NPs at various temperatures 
(ETH for Ethanol; XYL for xylene). 

Therefore, the role of Au NPs in enhancement of H2S was 
investigated by comparing the H2S sensing property of Au@NiO 
yolk-shell with NiO hollow spheres. The response characteristics 10 

of these two sensors towards H2S at 400oC are displayed in Fig. 
8a. The corresponding responses increased approximately 4 times 
for Au@NiO yolk-shell NPs (44.16) than that of pure NiO NPs 
(10.47). It can be seen that pure NiO sample shows a relatively 
low response for all gases and there is no big difference in 15 

response for H2S with other interfering gases (Fig. 8b). However, 
response dramatically increased for H2S in Au@NiO yolk-shell 
NPs compared to other gases, which in turn directly verifies the 
promotion effect of Au NPs. 
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Fig. 8 (a) Response transient of Au@NiO yolk-shell NPs and NiO NPs at 
400oC and (b) Response of NiO NPs at 400oC for various gases 
(ETH for Ethanol; XYL for xylene). 

The operating principle of NiO gas sensors is based on the 
change of sensor conductivity by controlling mobile charge 25 

carriers. In air atmosphere, oxygen molecules oxidized and 
adsorb on the surface of the NiO in the form of O2

¯ (below 
100oC), O¯ (100-300oC), and O2¯ ions (above 300oC) by 
capturing the conduction band electrons.39 This transfer of 
electrons to oxygen species generates holes, and therefore the 30 

resistance decreases. In the environment of reducing gases, the 
chemisorbed oxygen anions at the surface of NiO react with these 
gases. The gas removes chemisorbed oxygen anions and is 
oxidized. Since, our sensor is operated in between 300-400oC, 
therefore oxygen adsorbed in the form of the O2¯ ions , which in 35 

turn reacts with H2S according to equation 1. 

H2S(ads) + 3O2¯
 (ads)  → H2O + SO2 + 6e¯ (1) 

The electrons from the redox reactions between H2S and 
adsorbed surface oxygen are injected into the conduction band of 
NiO, and the recombination between the electrons and holes 40 

results in a lower carrier concentration. Subsequently, the 
resistance of NiO increases, and therefore response is measured. 

The higher sensitivity of Au@NiO yolk-shell NPs toward 
H2S compare to other gases suggests the catalytic activity of Au 
NPs. The catalytic activity of Au NPs towards H2S sensing has 45 

been reported by several researchers.24-28 Mubeen et al. reported 
H2S sensing property of Au NPs decorated single-walled carbon 
nanotubes and the sensing mechanism is explained by changing 
the extent of electron exchange between the gold and the defect 
sites of SWNT when exposed to H2S.26, 27 These results indicate 50 

that Au NPs functionalized on SWNT surface act as Schottky 
barriers and play a dominant part in hole mobility modulation by 
gaseous molecule interaction. In our previous study, the 
formation of Schottky barriers in p-type metal oxide also resulted 
in the decrease in baseline resistance due to transferee of 55 

conductance electrons to the Au NPs, which increased the hole 
mobility.30 Since, the work function of NiO (5.0 eV) is slightly 
lower than Au NPs (5.1 eV), therefore formation of Schottky 
barrier in Au@NiO yolk-shell will result in decrease in 
resistance.40, 41 However, in this study, the baseline resistance of 60 

Au@NiO yolk-shell is higher than the NiO NPs (Fig. 8a). It 
indicates that there is no electronic interaction between Au core 
and NiO shell. This is possible only when Au NPs core is 
movable inside the NiO shell. In this situation, the interaction 
between Au and NiO could be due to Van der Waals forces, and 65 

therefore it is possible that there is no charge transfer or Schottky 
barrier modulation takes place between the Au NPs and NiO, 
unlike what is happening in core-shell NPs.30-32 However, there is 
no clear evidence of presence of movable core in Au@NiO yolk-
shell. Furthermore, the stability test of Au@NiO yolk-shell shows 70 

no drift in baseline resistance (Fig. S3 see supporting 
information), which indicates that the Au NPs are strongly 
attached to NiO shell. Since, Au@NiO yolk-shells were 
synthesized after calcination at 450oC for 2 h, therefore there is 
great possiblity of a strong attachment of Au NPs to the inner 75 

wall of NiO shell. Thus, the higher baseline resistance of 
Au@NiO compared to NiO is possibly related to their 
morphology, such as shape and size. Since, the size of Au@NiO 
yolk-shell NPs is larger than NiO NPs, which may possibly the 
reason for its high baseline resistance (Fig. 4). A relationship 80 

between numbers of grains and resistance is established by 
Tamaki et al., which state that resistance is directly proportional 
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to the number of grains between two electrodes.42  

Ra = 2Ra(i) + (N − 1) Ra(gb) = (2Ra(i) − Ra(gb)) + Ra(gb)N (2) 

Here, Ra(i) and Ra(gb) are resistances at interface and grain 
boundary in the air, respectively, and N is the number of grains 
included in the gap. Since, grain size in NiO nanospheres is larger 5 

than Au@NiO yolk-shell NPs, which means lesser numbers of 
grain boundaries are present in between two electrodes for NiO 
nanospheres than Au@NiO yolk-shell NPs (Fig. S4 see 
supporting informations). Therefore,  the baseline resistance can 
be higer in Au@NiO yolk-shell NPs compared to NiO 10 

nanospheres.  
Thus, the anomalous sensing behavior of Au@NiO yolk-shell 

NPs, where no significant variation in response of other gases 
compared to H2S, can be explained by catalytic activity of Au 
NPs towards H2S gas. There is strong possibility of adsorption of 15 

H2S molecules on Au NPs as a result of the strong chemical 
affinity between Au and S (D0

298 = 418±25 kJ mol-1).43 The 
adsorption of H2S has also been studied by several researchers on 
the clean Au(111) or (110) surface and their results shows the 
evidence of the adsorption of S or HS.  20 

H2S(g) + Au(s) → AuS(s) + H2(g)
 (3) 

Accordingly, it is suggested that H2S is chemisorbed on the 
Au NPs and undergoes decomposition to form either Au-SH or 
Au-S species on the surface of the particles. This in turn produces 
a sulfide shell, which lowers the surface work function of the Au 25 

NPs. It has been reported by several researchers that formation of 
sulfide shell of on Au NPs lower the surface work function as 
much as 1 eV.26, 44 If, there is a Schottky barrier formation 
between Au and NiO, such changes in the electronic state of the 
Au NPs can tune the extent of electron exchange between the Au 30 

NPs and NiO. As the work function of the Au NPs is reduced, 
electrons are donated from the Au NPs to the NiO, whic results in 
an increase in electrical resistance of NiO. Therefore, the 
response Au@NiO yolk-shell NPs increases for H2S compared to 
other gases, as similar phenomenon can not occur in other 35 

interference gases. A schematic presentation of possible sensing 
mechanism is given in Fig. 9. 

H2SAu

AuS
Au

e¯

CB

VB
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Fig. 9 Schematic diagram of H2S sensing mechanism in Au@NiO yolk-

shell NPs. 40 

In presence of air, AuS further oxidized to produce Au NPs and 
SO2. 

AuS(s) + O2 (g) →  Au(s) + SO2(g)  (4) 

In another hypothesis, Yoo et al suggested that the donation of 
electrons to the protons released in the reaction (Eq. 2) is also 45 

responsible for the change in resistance of the sensing materials.45 

Thus, the increase in response of Au@NiO yolk-shell NPs toward 
H2S compare to other gases is possibly related to doping effect 
caused by the release of protons after the reaction between the Au 
NPs and H2S.  50 

The increase in response with decrease in temperature is 
related to catalytic effect of Au NPs, as its catalytic activity 
increases towards H2S at low temperature. It is also supported 
from sensing result of other common interfering gases, which 
shows no significant variation in response with temperature. 55 

Furthermore, the resistance of the Au@NiO yolk-shell NPs 
increased with a decrease in temperature, indicating that the 
current conduction path is through the semiconducting NiO, as 
the resistance decreases with a decrease in temperature for metals. 
This increase in resistance is related to decrease in carrier 60 

concentration with decreasing temperature. Furthermore, the 
baseline resistance depends on the height of the potential energy 
barrier to carrier transport between neighboring grains in the 
metal oxide, which is a function of temperature. If we consider a 
migration transport path with resistance Rm, then Rm increases 65 

exponentially according to equation (5). 

Rm= Rmo exp(eVs/RT) (5) 

where, Vs is the double potential energy barrier height, RT is the 
thermal energy, and Rmo is the resistance at Vs = 0. Thus, the 
resistance decreases with increasing temperature. 70 

Furthermore, the increase in recovery time with decreasing 
temperature is possibly related to SO2 poisoning i. e. the 
adsorption of SO2 gas on the surface sites of NiO, which decrease 
the active sites for oxygen adsorption. Thus, it makes difficult to 
recover the sensor resistance at low temperature, however with 75 

increasing temperature recovery time decreases due to the 
promotion of SO2 desorption 

Conclusions 

Yolk-shell Au@NiO NPs were synthesized by chemical 
precipitation method. Au@C core-shell NPs were synthesized by 80 

glucose-assisted hydrothermal method, where 50-70 nm Au NPs 
were covered with 200 nm carbon shell. Au@NiO yolk-shell NPs 
were synthesized by chemical precipitation and calcination of 
nickel salt using Au@C core-shell NPs as a template. Sub-
micrometer Au@NiO NPs yolk-shell NPs were formed having 85 

50-80 nm Au NPs at the periphery of NiO shell. The maximum 
response of Au@NiO NPs yolk-shell NPs was 108.92 at 300oC 
for 5 ppm of H2S gas. The response of Au@NiO yolk-shell NPs 
was decreased with increasing testing temperatures and 
decreasing gas concentrations. The H2S response of Au@NiO 90 

NPs yolk-shell NPs was 19 times higher than the interfering gases 
at 300oC. Even for 1.25 ppm of H2S the response was 15.75, 
which was higher than the 5 ppm of interfering gases at every 
temperature. The H2S response of Au@NiO yolk-shell NPs was 
approximately 4 times higher than that of bare NiO NPs. It was 95 

suggested that adsorption of H2S on Au NPs changed its 
electronic state, where Au NPs donated the electron to NiO NPs, 
which in turn increases the resistance and thereby response. Thus, 
hollow spaces allowed the accessibility of Au NPs to gas 
molecules, which in turn improved the gas sensing performance 100 

of Au@NiO yolk-shell NPs. 
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