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 ABSTRACT  

An important contribution to industry standards and to effective installation of hybrid renewable energy 

systems is evaluation of hydrogen (H2) monitoring techniques under pilot-scale and/or real-world 

conditions. We have designed a hybrid system to integrate solar power, electrolysis and hydrogen fuel 

cell components in a DC micro-grid with capacity to evaluate novel nanomaterials for enhanced H2 gas 

sensing performance. In general, enhanced hydrogen sensing performance is evaluated by high 

sensitivity, selectivity and stability as well as low power consumption. Unique properties, such as high 

surface area to volume ratio, a large number of surface active sites, high specific surface area and 

reactivity are key attributes of nanomaterials used for gas sensing. These attributes enable sensors to be 

embedded in Internet-of-Things applications or in mobile systems. With rapid development of 

hydrogen-based technologies for clean energy applications, there remains a requirement for faster, 

accurate and selective H2 sensors with low cost and low power consumption. Operating principles for 

these sensors include catalytic, thermal conductivity, electrochemical, resistance based, optical and 

acoustic methods. In this paper, we review performance of H2 gas sensors based on conductometric 

devices operating at room temperature up to 200 °C. The focus of this work includes nanostructured 

metal oxides, graphene materials and transition metal dichalcogenides employed as sensing materials. 
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1.0 INTRODUCTION 

In recent years, recognition of resource constraints and efforts to reduce global emissions have 

encouraged development of low- or zero- carbon solutions to energy production and storage. In 

Australia, conventional fossil fuel methods now compete with alternative energy sources due to 

increasing costs and environmental issues that arise from network constraints and lack of capacity. 

Hydrogen is an alternative energy source that can be produced from a range of existing and emerging 

technologies, such as steam reforming or electrolysis that are viable at regional scales. In addition, 

hydrogen is suitable for diverse end-use applications supporting decarbonisation in the transport, 

chemicals, construction and power industries. More importantly, as shown schematically in Figure 1, 

hydrogen enables linkages between energy generation and use to deliver system flexibility for 

constrained networks.  

Hydrogen produced by renewable energy sources, often termed “green hydrogen”, has a high energy 

storage capacity, a high relative energy density (~3× diesel fuel) and  minimal harmful or polluting 

products [1] when used to generate electricity (e.g. via fuel cells). However, the hazards associated with 

H2 gas are also well documented [2]. Combustible at concentrations in air between 4% and 75%, and 

with a very low minimum ignition energy (at optimal combustion concentration in air) of less than 0.02 

mJ, H2 is a gas that requires strict and thorough safety methods in place if it is to be put to widespread 

use [3-5]. The tremendous research effort devoted to development of hydrogen gas sensors is reflected 

in the growing number of relevant publications as shown in Fig. 2.  
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Figure 1. Schematic showing the important role for hydrogen in future low-carbon, energy generation 

and distribution networks. (Source: https://www.iea.org/tcep/energyintegration/hydrogen/)  

 

Figure 2. Number of journal article publications on the topic of hydrogen sensors (Source: Web of 

Science searched on 25th March 2019). 

The detection of H2 gas in the atmosphere is of great importance in maintaining safety at all stages of 

H2 production, storage and use. However, several issues set H2 apart from other commercially available 

gases. Sulphur-containing odorants typically added to commercially available gases (such as ethyl 

mercaptan) are unsuitable for use with H2, as these gases are much heavier and quickly separate from 

the H2 upon release [6]. Furthermore, these odorants are known to contaminate fuel cells, which are an 

important application of H2 currently under consideration [7, 8]. A new class of H2 sensors is now 

emerging, in which the unique properties found in nanomaterials such as high surface area to volume 

ratio, number of active sites and reactivity can be harnessed. These properties can help to develop 

sensors with improved performance via lower working temperature (i.e. lower power consumption), 

higher sensitivity, lower limit of detection (LoD), and improved selectivity, to name a few properties. 

With these advances in mind, it now becomes feasible to apply recently-developed H2 sensors in 

situations where the target gas is detected at low temperatures, even as low as room temperature (RT). 

Detection of H2 gas at such temperatures was previously very difficult, in part due to the difficulty for 

electrons to be excited and to interact with the sensing material [9].  
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In this review, nanomaterials showing promise for the application of H2 sensing at low temperatures 

ranging from RT up to 200°C are presented in an exploration of the field as it currently stands. This 

evaluation is a critical step in the selection of new materials for benchmark trials in our proposed hybrid 

renewable energy hydrogen production pilot plant. Materials from the three most commonly reported 

categories of metal oxides (MOxs), transition metal dichalcogenides (TMDs) and graphene/reduced 

graphene oxide (rGO) are discussed. Conductometric sensors are the main focus, due to the inherent 

favourable characteristics of low cost, ease of miniaturisation, and simplicity of fabrication and use 

[10]. In simplest terms, resistive sensing operates by detecting a change in the resistivity (or 

conductivity) of the sensing material component in a transducer. This change can be brought about in a 

range of different ways, but typically occurs when target gas molecules interact covalently or non-

covalently with the sensing material surface [11].  

Materials with an electronic bandgap are intrinsically useful in conductometric sensing applications. 

However, problems arise when relatively narrow bandgap materials (such as WO3 or MoS2) are exposed 

to higher temperatures. Under such conditions, excitation of valence electrons due to heating can reduce 

the resistance of a semiconducting material to the point that reduction of resistance due to gas molecule 

adsorbance can no longer be detected. Furthermore, lower operating temperatures are preferable when 

designing processes from an economic standpoint. With these concerns in mind, it is necessary to 

explore materials that can be employed in gas sensing at low temperatures. In many cases, 

semiconducting materials have shown improved sensitivity when employed in a hybrid material along 

with noble metal structures (preferred over other metals to avoid oxidation), where H2 molecules are 

easily dissociated, forming a dipole layer on the metal surface. Typically, Pt and Pd have been the most 

commonly used metals, showing significant improvements in the H2 sensing response of their 

complementary sensing materials [9, 12, 13].  

 

2.0 H2 SENSING NANOMATERIALS 

2.1 MOx Based H2 Gas Sensors 

Gas sensing mechanisms for metal oxide semiconductor-based conductometric devices involve a 

number of steps. Typically, O2 molecules in air are adsorbed onto the semiconductor surface, 

dissociating and forming oxygen ions while electrons within the semiconducting material are 

transferred to the oxygen molecules. With this reduction in free electron concentration, the resistance 

of the semiconductor increases.[14] Upon exposure to H2 gas, electrons from H2 molecules transfer 

from the gas to the semiconducting oxide surface, producing H+ ions, due to the work function of 

semiconducting materials being higher than the affinity of the H2 molecules. H+ ions are then able to 

react with the chemisorbed oxygen ions to form H2O, releasing the electrons previously held by oxygen 

ions back into the semiconductor. In terms of sensing output, the result of this electron transfer depends 

on the type of semiconductor. While p-type semiconductors will experience a reduction in hole 

concentration and a subsequent increase in resistance, n-type materials will conversely undergo an 

increase in electron concentration and the resistance will decrease accordingly [14-18]. 

Different types of semiconducting MOx with nanostructured morphology including SnO2, WO3, MoO3, 

ZnO and TiO2 have shown promising results for H2 sensing [2, 19-27]. Among these materials, MOx 

nanowires have proven applications in H2 sensing at RT when surface functional structures are added, 

as demonstrated by Ren et al. [20] in 2016. In this work, TiO2 nanowires showed no detectable response 

to H2. However, functionalisation with PdAu nanoparticles (NPs) resulted in a hybrid material with 

high sensitivity of 350, a low LoD of 5 ppm, and a rapid response time (21 s) at RT [20]. Thin films of 

WO3 were found by Zhang et al. [22] to be unreactive with H2 gas at low temperatures, but with the 

addition of Pt NPs were able to respond to H2 concentrations as low as 50 ppm at 150°C (albeit with 

slow response and recovery times of 452 and 660 s, respectively). Similarly, SnO2 thin films exhibit 

prohibitively poor sensitivity to low concentrations of H2 gas, but functionalisation can greatly improve 

performance. Nguyen et al. [19] showed that thin films of SnO2 functionalised with microscale Pd 
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islands had a quick response at only 100 ppm H2 at 150°C. Although Pd itself has been shown many 

times to be an excellent RT H2 gas sensing material, the sensitivity can be poor in some cases. In 

addition, the metal itself is expensive, and prone to degradation over repeated H2 adsorption-desorption 

cycles [5, 10, 28]. An overall comparison of the materials discussed here is shown in Table 1. 

 

Table 1. H2 sensing properties of some MOx nanomaterials.  

Material Morphology Synthesis 

Method 

Hybrid 

Material 

T(°C) H2 

Conc. 

(ppm) 

Response 

time (s) 

Recovery 

time (s) 

Response 

Calculation 

Response LoD 

(ppm) 

SnO2  

[19] 

Thin films 
Reactive 

sputtering 
Pd islands 150 100 50 - 

𝑉𝑔
𝑉0

⁄  1.9 50 

WO3  

[22] 

Thin films 
Electroless 

deposition 
Pt NPs 150 50 452 660 

(𝑅0 − 𝑅𝑔)
𝑅0

⁄  2.09 50 

TiO2 

[20] 

Nanowires Hydrothermal PdAu NPs RT 5 21 - 
(𝐼𝑔 − 𝐼0)

𝐼0
⁄   350 5 

ZnO  

[21] 

Nanosheets 
Thermal 

oxidation 
- 175 10 11.5 14.5 

𝑅0
𝑅𝑔

⁄  1.089 0.5 

SnO2-

MoS2  

[2] 

Nanosheets Hydrothermal 
Pd-

SnO2/MoS2 
RT 100 15 12 

(𝑅0 − 𝑅𝑔)
𝑅0

⁄   1.8 30 

Response calculation methods are given as reported for each material, where V = potential, R = resistance, and I = current, and 0 and g 

represent the conditions before and after the introduction of H2 to the system, respectively. T = operating temperature. 

 

2.2 TMD Based H2 Gas Sensors 

As with MOxs, the mechanism of gas sensing in TMD conductometric devices is based on charge 

transfer. However, in the case of TMDs, the target gas molecules are adsorbed directly on to the sensing 

material, donating electrons to the conduction band of the TMD and increasing the conductivity [15, 

29]. The active sites for charge transfer in TMDs are typically either defects in the material, or the p-

orbitals of chalcogenide atoms [11]. Unfortunately, the promising sensing capabilities of TMDs are 

offset by the slow gas desorption process at RT, which often results in long recovery times [15]. Liu et 

al. [4] demonstrated application of pristine MoS2 deposited on Si substrates for H2 sensing, showing a 

relatively high response (15.4) and fast response and recovery to 5,000 ppm H2 balanced in air at RT 

due to the p-n junction formed between the two materials.  Kuru and his group’s work [5, 30] with MoS2 

(in 2015) and Pd NP-decorated WS2 nanosheets (in 2016) showed typical response and recovery times 

for TMD based H2 sensors, with response time decreasing and recovery time increasing with increasing 

H2 concentration. Additionally, the 2015 work on MoS2 based H2 sensors showed that recovery times 

could be reduced by annealing the sensing materials, at the expense of sensor response [30]. Two-

dimensional (2D) TMDs have been reportedly prepared using several different routes, with exfoliation 

methods typically preferable to growth on a substrate due to the higher surface area to volume ratio. 

Morphology plays a crucial role here, with thickness, lateral dimensions and orientation all affecting 

surface area. This is reflected in the comparison made between TMD gas sensing materials shown in 

Table 2. 
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Table 2. H2 sensing properties of some TMD nanomaterials.  

Material Morphology Synthesis 

Method 

Hybrid 

Material 

T 

(°C) 

H2 

Conc. 

(ppm) 

Response 

time (s) 

Recovery 

time (s) 

Response 

Calculation 

Response LoD 

(ppm) 

MoS2 

[31] 
NPs Hydrothermal 

Pt-

doped 

TiO2-

MoS2 

100 2000 150 310 - 74.90% 50 

MoS2 

[32] 
Nanosheets 

Mechanical 

exfoliation 

Various 

metal 

NPs 

RT 3 >900 - 
(𝐼𝑔 − 𝐼0)

𝐼0
⁄   5 3 

MoS2 

[30] 
Nanosheets 

Mechanical 

exfoliation 
Pd NPs RT 50000 40 83 

𝑅0
𝑅𝑔

⁄  10 500 

WS2 [5] Nanosheets 
Mechanical 

exfoliation 
Pd NPs RT 50000 119 370 

𝑅0
𝑅𝑔

⁄  7.8 500 

MoS2-

Si [4] 
Thin films 

Magnetron 

sputtering 
- RT 5000 105 444 

𝐼0
𝐼𝑔

⁄ − 1 15.4 5000 

MoS2-

SiO2 

[33] 

Thin films 
Magnetron 

sputtering 
Pd NPs RT 5000 36.8 35.3 

𝐼𝑔
𝐼0

⁄  570 5000 

Response calculation methods are given as reported for each material, where R = resistance and I = current, and 0 and g represent the conditions 

before and after the introduction of H2 to the system, respectively. T = operating temperature. 

 

2.3 Graphene and rGO Based H2 Gas Sensors 

A range of gas sensing mechanisms for graphene have been reported, typically involving π-π 

interaction, charge transfer or van der Waals forces with the sp2 orbitals of carbon atoms or with defects 

in the material [11]. Although the interaction of H2 with pristine graphene is poor due to the weak 

adsorption energy of the gas, this interaction can be improved by the introduction of defects, dopants 

or by functionalisation [11, 29]. Many carbon nanostructures have therefore shown promise in gas 

sensing applications. Carbon nanotubes (CNTs) were found to have excellent sensing capabilities 

toward several gases including H2, but with the drawback that bundled CNTs had slow recovery times, 

and the production of an individual CNT is very difficult at this stage [13, 34]. CNTs decorated with 

Pd NPs are found to have much faster sensing response and recovery times at RT, compared with both 

undecorated CNTs and Pd NPs [35, 36].  

rGO thin films have been reported in H2 sensing applications with and without the addition of functional 

structures [37-39]. In general, rGO is prepared using Hummers’ Method (or modifications thereof) 

followed by hydrothermal treatment. As in the case of MOxs and TMDs discussed earlier, the formation 

of a hybrid material including rGO and Pd has been shown to drastically improve sensing response, 

while a modest improvement can also be achieved via the introduction of ZnO nanorods [37, 38, 40]. 

H2 sensing materials based on rGO showed faster response and recovery times, lower LoD and stronger 

response compared with those based on graphene, as demonstrated in Table 3.  

The exception to this trend is the material reported by Zhang et al. [41] in 2015, where the H2 sensing 

properties of graphene were enhanced, via the addition of SnO2 NPs, to the degree that it outperforms 

every other material explored in this category. In the case of graphene nanosheets functionalised with 

noble metal NPs, it can be observed from the work of Kaniyoor et al. [42] and Chung et al. [43] that 

CVD-grown graphene appears to be superior in terms of response time and LoD over graphene prepared 

by thermal exfoliation. This observation is made under the assumption that the Pt NPs used in the former 

work yield similar enhancement to that of the Pd NPs used in the latter work, and that NPs are applied 

in similar quantities. The most likely explanations for this difference in performance are the greater 

surface area to volume ratio of the CVD-prepared graphene (prepared by Chung et al.), and the presence 

of many defects in the thermally oxidation-prepared material (Kaniyoor et al.). 
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Table 3. H2 sensing properties of some graphene-based nanomaterials.  

Response calculation methods are given as reported for each material, where G = conductance, V = potential, R = resistance, and I = current, 

and 0 and g represent the conditions before and after the introduction of H2 to the system, respectively. T = operating temperature. 

 

3.0 DISCUSSION 

At first glance, it would appear that MOxs possess the most desirable characteristics in applications for 

H2 sensing at low temperatures. However, this class of nanomaterials gives best results in this 

application either when coupled with noble metal nanoparticles (most commonly Pd) or when a mild 

degree of heating is applied [19, 21]. The use of heating in the former case, or expensive noble metals 

in the latter, may not be considered when cost is a factor. These restrictions also apply to several of the 

highest-performing TMDs and graphitic materials, which also rely on the addition of noble metal 

nanostructures or heating [15, 28, 30, 32]. We have identified one case, in the work by Liu et al. [4], 

where MoS2 has been used for high-performance H2 sensing without the addition of other functional 

nanostructures; however in this case the sensing performance was enhanced via a heterojunction effect 

with the Si substrate.  

It is difficult to draw a direct comparison between varying morphologies of a given sensing material, 

due mainly to the large number of variable factors in reported materials. However, from an overall 

perspective of the materials explored here, some observations can be made that may assist in selection 

of morphology for a given application. While many H2 sensing thin films or nanosheets show a 

requirement for heating above 100°C in order to achieve desirable performance, the one-dimensional 

(1D) nanowires and nanoribbons reported by Ren and Liu [20] and Johnson et al. [46] are able to detect 

very low H2 concentrations, with very fast response and recovery times, at RT. In the former case, the 

TiO2 nanowires are able to outperform thin films of SnO2 or WO3 in speed and operating temperature, 

considering that all these materials are functionalised with noble metal nanostructures [19, 22]. This 

advantage could be attributed to the higher surface area to volume ratio and chemisorptive properties 

of the 1D structures [9, 13, 47]. 

Regarding thin films, it is difficult to discern any trend related to morphology. There has been some 

discussion around the effect of film thickness on gas sensing performance, where peak sensing 

performance is reached at some optimal thickness. While Cha et al. [48] suggest that crystallinity may 

deteriorate at thicknesses below 30 nm, Yamazaki et al. [49] argue that their amorphous SnO2 sensor 

Material Morphology Synthesis 

Method 

Hybrid 

Material 

T 

(°C) 

H2 

Conc. 

(ppm) 

Response 

time (s) 

Recovery 

time (s) 

Response 

Calc. 

Response LoD 

(ppm) 

rGO [38] Thin films 
Hummers', 

Hydrothermal 
- RT 160 20 10 

(𝑅0 − 𝑅𝑔)
𝑅0

⁄   0.045 30 

rGO [37] Thin films 
Hummers', 

Hydrothermal 

Pd-WO3 

nanoribbons 
RT 100 52 155 

(𝐺 − 𝐺0)
𝐺0
⁄  38 20 

rGO [40] Thin films 
Hummers', 

Hydrothermal 
ZnO nanorods  150 200 22 90 

𝑅0
𝑅𝑔

⁄  3.5 10 

Graphene 

[41]  
Nanosheets 

Mechanical 

exfoliation 
SnO2 NPs 50 100 1.1 1.1 

𝐼𝑔
𝐼0

⁄  2.4 1 

Graphene 

[42] 
Nanosheets 

Thermal 

exfoliation 
Pt NPs RT 40000 540 - 

(𝑅𝑔 − 𝑅0)
𝑅𝑔

⁄  16% - 

Graphene 

[44] 
Nanosheets 

Chemical 

polymerization 
Polyaniline RT 10000 60* 300* 

(𝑅𝑔 − 𝑅0)
𝑅0

⁄   16.57 600 

Graphene 

[45] 
Nanosheets 

Chemical GO 

reduction 

Pt-Graphene-

SiC 
100 10000 120* 300* 𝑉𝑔 − 𝑉0 63 mV 600 

Graphene 

[46] 
Nanoribbons 

Mechanical 

exfoliation 
Pd NPs RT 8000  6 44 

(𝑅𝑔 − 𝑅0)
𝑅0

⁄   77% 40 

Graphene 

[43] 
Nanosheets CVD Pd NPs RT 1000 60* >1800 

(𝑅𝑔 − 𝑅0)
𝑅0

⁄   33% 20 
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showed greater performance, despite not being crystalline at all [48, 49]. The exact mechanism here 

remains unclear, but is likely to depend on the individual materials and conditions. However, it is known 

that sensitivity typically increases as thickness of the gas sensing material decreases and approaches 

that of the electron depletion layer [50]. 

In all three of the categories of H2 sensing nanomaterials discussed here, we find that the most 

favourable sensing performances reported to date rely on functionalisation with some other 

nanostructure, as shown in Table 4. Of the materials compared in this review, the work of Zhang et 

al.[41], in which SnO2 NPs are used to functionalise graphene nanosheets, reports the only material to 

show all of the attributes necessary for a low-cost, low-temperature, high-performing H2 sensor.  

 

Table 4. Comparison of H2 sensing capabilities of highest-performing materials from each material 

category outlined previously. 

Material Morphology Hybrid 

Material 

T (°C) H2 

Conc. 

(ppm) 

Response 

time (s) 

Recovery 

time (s) 

LoD 

(ppm) 

TiO2 [20] Nanowires PdAu NPs RT 5 21 - 5 

ZnO [21] Nanosheets - 175 10 11.5 14.5 0.5 

SnO2-

MoS2 [2] 
Nanosheets 

Pd-

SnO2/MoS2 
RT 100 15 12 30 

MoS2 

[30] 
Nanosheets Pd NPs RT 50000 40 83 500 

MoS2-Si 

[4] 
Thin films - RT 5000 105 444 5000 

Graphene 

[41] 
Nanosheets SnO2 NPs 50 100 1.1 1.1 1 

rGO [37] Thin films 
Pd-WO3 

nanoribbons 
RT 100 52 155 20 

rGO [40] Thin films ZnO  150 200 22 90 10 

T = operating temperature. 

4.0 CONCLUSION 

The gas sensing performance of 2D MOxs has been shown to be generally superior to that of 2D TMDs 

and graphene, when the pristine material is considered. However, with the addition of functional 

nanostructures, the performance of the base 2D gas sensor materials can be dramatically enhanced. The 

morphology of the base sensing material does appear to play a role in its sensing properties, mainly in 

the effect it has on surface area to volume ratio. Future work may be necessary to clarify the extent of 

this enhancement, as the additional effort required to prepare materials with higher surface area for gas 

adsorption/desorption may outweigh the benefits.  
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While several methods have been shown that enhance the sensing performance of MOxs, TMDs and 

graphene materials, the most effective involve introducing nanostructures of noble metals or metal 

oxides. The great benefits of the former have been proven many times over. However, the cost of noble 

metals such as Pd and Pt may be prohibitively expensive for large-scale production. In the interests of 

minimal financial and energy costs, the challenge is to explore enhancement methods that do not require 

excessive energy input or the addition of expensive functional materials. Methods involving the addition 

of MOx NPs to graphene, such as the encouraging work reported by Zhang et al. [41], currently show 

the greatest promise in this direction. With further work on this aspect of H2 sensing nanomaterials, it 

is likely that performance can continue to improve. 
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