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Abstract  

Hydrogen is attractive as an abundant source for clean and renewable energy. However, due to 

its highly flammable nature in a range of concentrations the need for reliable and sensitive 

sensor/monitoring technologies has become acute. Here we develop and study a solid-state 

hydrogen sensor based on the solution-processable p-type semiconductor copper thiocyanate 

(CuSCN). Sensors incorporating interdigitated electrodes made of noble metals (Au, Pt, Pd) 

show excellent response to hydrogen concentration down to 200 ppm while simultaneously 

being able to operate reversibly at room temperature and at low power. Sensors incorporating 

Pd electrodes show the highest signal response of 179% with a response time of ca. 400 s upon 

exposure to 1000 ppm of hydrogen gas. The experimental findings are corroborated by Density 

Functional Theory (DFT) calculations which highlight the role of atomic hydrogen species 

mailto:binasbill@iesl.forth.gr
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created upon interaction with the noble metal electrode as the origin for the increased p-type 

conductivity of CuSCN during exposure. The work highlights CuSCN as a promising sensing 

element for low-power, all-solid-state printed hydrogen sensors.  

 

1. Introduction  

In the last decade, hydrogen economy has emerged as a possible clean energy alternative to the 

dominating fossil fuels market. Hydrogen power can be a part of the solution to the global 

warming problem as it is renewable, abundant, and its combustion is associated with zero 

carbon-based by-products. Besides, there is a high demand for advanced research and 

development in several fields of hydrogen production such as water splitting[1] through power 

to gas (P2G) conversion which does not include carbon elements. Moreover, multiple hydrogen 

fuel cell technologies[2,3] have been tested for energy conversion and storage through hydrogen 

and oxygen reactions, while different mechanisms for this emerging energy market have been 

proposed such as peer-to-peer (P2P) community[4].  

To date, the commercial use of hydrogen as a fuel has already been deployed in the 

automobile industries[5,6] by utilizing high-pressure hydrogen gas tanks based on carbon-

composite technologies[7], and its use is expected to be extended in several other power-related 

industries. Irrespective of its use, however, handling of hydrogen must be undertaken with 

extreme caution, since it becomes extremely flammable and can auto-ignite[8] at concentrations 

between 4-75% in the presence of air. Moreover, it is a colorless, odourless, and tasteless gas, 

which makes sense of it difficult. Therefore, for safety and control reasons it is imperative to 

develop and deploy inexpensive hydrogen sensors that can operate in high and low 

concentrations, preferably at room temperature and consuming as little power as possible.  

Metal oxides have been used widely as the gas sensing element in solid-state devices 

due to their sensitivity towards various atmospheric elements.[9-11] However, the often high 

working temperature, combined with the high power consumption that is required to operate 
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such sensors, represent two major technical and scientific challenges.[12-14] For the past fifty 

years a broad range of metal oxides (e.g. SnO2, ZnO, In2O3, Cu2O, CuO, NiO, TiO2)
[15-18] have 

been studied for the detection of toxic and hazardous gases such as O3, NOx, CO, CO2, VOCs, 

CH4, H2 
[19–23]. Among them, various metal oxides semiconductors, such as n-type SnO2 

[24,25], 

ZnO [26,27], TiO2 
[28] and p-type CuO [29], NiO [30], have been reported to be sensitive towards 

hydrogen, yet only a handful of these sensors were shown to operate at room temperature 

reversibly while consuming low power.  

Copper (I) thiocyanate (CuSCN) is an emerging inorganic semiconductor with a wide 

energy band gap (>3.4 eV) which in its most common form exhibits p-type characteristics due 

to the Cu+ vacancies.[31-35] In recent years, CuSCN has been used in the development of solar 

cells as a hole transport layer (HTL) [36,37], thin-film transistors (TFTs) [31,36] and organic light-

emitting diodes (OLEDs).[38] Despite its promising properties, however, to date there is only 

one study that used CuSCN as part of the hydrogen sensing element in the form of nanorods 

grown via electrodeposition.[39] The ensuing sensors were able to detect low concentrations of 

hydrogen (100 ppm) with a high response value of 500% at 2 V bias. Unfortunately, this 

excellent level of performance was only attained at a working temperature of 150oC which 

imposes limitations for the wider deployment of the technology both in terms of energy 

consumption (e.g. unsuitable for battery-powered applications) and compatibility with 

inexpensive substrate materials such as flexible polymer materials.  

Here, transparent CuSCN thin films were grown from an aqueous ammonia solution 

(CuSCN/NH4OH) 36 via spin casting directly onto pre-patterned interdigitated electrodes (IDEs) 

made of noble metals including gold (Au), platinum (Pt) and palladium (Pd). Use of common 

solvent such as diethyl sulphide (DES) was also explored in order to study its impact on device 

performance. As-prepared devices were then exposed to low hydrogen concentrations (200 – 

1000 ppm) while being biased at 0.1 V at room temperature (see Experimental). Despite the 
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low operating temperature, the sensors exhibit high sensitivity under several hydrogen sensing 

cycles and a low power consumption (μW range). The use of noble metal electrodes was 

identified to be of key importance in increasing the sensor’s sensitivity towards hydrogen due 

to their catalytic activity. Devices with Pd electrodes show the highest response of 179% upon 

exposure to 1000 ppm of hydrogen at room temperature. Density Functional Theory (DFT) 

calculations were employed to identify atomic-scale H-related configurations in CuSCN which 

can enhance the p-type of conductivity of the semiconductor in good agreement with the 

experimental observations. The study highlights solution-processed CuSCN as an excellent 

candidate for low-cost, low-power, transparent and light-weight hydrogen sensors able to 

operate reliably and reversibly at room temperature.  

2. Optical characterization of CuSCN  

Solid layers of CuSCN with a thickness of 25 nm were deposited on fused silica substrates and 

Si/SiO2 wafers to study the optical and morphological properties of the layers, respectively. 

Figure 1a shows the ultraviolet-visible-near-infrared (UV-vis-NIR) transmittance spectrum of 

a CuSCN film together with that for the bare fused silica glass, while the inset in Figure 1a is 

a photograph of the CuSCN solution in aqueous NH4OH solution used for the deposition. The 

characteristic deep blue colour of the solution is attributed to the formation of Cu-ammine 

complexes, in agreement with our previous work.[40] The CuSCN layers exhibit high optical 

transparency with the average transmittance exceeding 80% across the entire visible range. The 

Tauc plot analysis yields the values for direct and indirect band gaps for CuSCN as shown in 

Figure 1b. Here, (αhν)2 and (αhν)0.5 were plotted for direct and indirect band gaps, respectively, 

versus the photon energy (hν), where α is the absorbance coefficient, h is a Planck’s constant 

and v is the photon frequency. The intercept of the linear part of the plot with the energy axis 

yields band gap values of ≈3.56 and ≈3.84 eV for indirect and direct band gaps, respectively. 
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Both values are in good agreement with previously published data further supporting the 

successful synthesis and presence of CuSCN atop the glass substrate.[36,41,42]  

 
Figure 1. a) UV-vis-IR transmittance spectra of bare fused silica glass and glass/CuSCN. The 

inset shows a photograph of the CuSCN solution in the aqueous NH4OH. b) Tauc (αhν)2 and 

(αhν)0.5
 plots obtained from the transmittance spectra for the calculation of the direct and 

indirect band gaps, respectively.  

 

For comparison, similar measurements were performed on CuSCN layer grown from a 

DES solution. Figure S1 (Supplementary Information) displays the transmittance of CuSCN 

layers grown from DES and aqueous ammonia together with the Tauc plots for the former layer. 

Evidently, both types of CuSCN layers exhibit comparable characteristics although some 

differences do exist in the values of the bandgap extracted assuming direct optical transition. 

These differences are not surprising if one considers the stoichiometric differences between the 

two layers. For example, DES is known to coordinate with CuSCN leading to the formation of 
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layers with different microstructure.[43] To this end, it has been shown that the aqueous ammonia 

route yields CuSCN layers with improved stoichiometry and hole transporting characteristics, 

both advantageous for practical device applications.[36] Table 1 summarizes the optical 

properties of the aqueous-ammonia processed CuSCN layers.  

3. Structural Properties of CuSCN layers  

The microstructure of the aqueous ammonia processed CuSCN films was investigated using X-

ray diffraction (XRD) measurements. Figure 2a shows the 2θ diffraction angle spectra for a 

representative CuSCN film deposited on the top of an IDE with Pd electrodes along with the 

powder CuSCN for reference. It should be noticed that, in order to identify the peaks of the 

ultrathin CuSCN film the Grazing Incident XRD (GIXRD) for θ = 1º was used, while for the 

CuSCN powder the 2θ/θ scan was employed. The CuSCN layer exhibits two detectable 

diffraction peaks, one at at 2θ = 16.1o and a second at 46.95 o which correlate to the (003) and 

(110) crystal planes of the β-phase wurtzite structure of CuSCN (JCPDS Card No. 00-029-

0581), respectively. The broad peak observed at around 20o is attributed to the glass substrate, 

while the diffraction peak at 2θ of 40.24o correlates to the (111) crystal plane of the Pd electrode. 

Using the Scherrer equation (Eq. 1) and the experimentally determined full width at half 

maximum (FWHM) value of 0.6668 deg for the (110) crystal plane, the average crystallite size 

of CuSCN was estimated at ≈13 nm. XRD measurements performed on CuSCN layers 

processed from DES solutions on glass are shown in Figure S2 (Supplementary Information) 

for comparison.  
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Figure 2. a) X-ray diffraction pattern of the CuSCN film deposited on the top of an IDE with 

Pd electrodes, compared with the XRD pattern of the CuSCN powder reference. The double 

peak of the CuSCN film is indexed according to the β-phase CuSCN. b) Scanning electron 

micrograph of the CuSCN film’s surface. c) AFM topography image of the CuSCN film.  

 

The surface morphology of CuSCN films was examined using scanning electron 

microscopy (SEM) and atomic force microscopy (AFM) (Figure 2b-c). The SEM images 

reveal that the resulting CuSCN layer is continuous without large scale defects or 

discontinuities. The AFM analysis supports this observation while revealing the presence of 

orbicular crystalline grains with a diameter in the range of 100-150 nm. The root mean square 

(rms) of surface roughness was also calculated from the AFM measurements yielding a value 

of 1.8 nm, further supporting the smooth nature of CuSCN’s surface. Table 1 summarizes the 

measured morphological and structural properties of the aqueous-ammonia processed CuSCN 

layers. SEM and AFM measurements were also obtained for CuSCN layers processed from 

DES (Figure S3). Unlike CuSCN layers processed from aqueous-ammonia, DES-processed 

films exhibit a much more textured surface with significantly higher surface roughness rms 

value of 9.7 nm.  

Table 1. Summary of the measured CuSCN film characteristics.  
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4. Device structure and real-time hydrogen sensing  

The hydrogen sensing properties of the aqueous-processed CuSCN layers were investigated 

using dense interdigitated electrodes (IDEs) patterned via photolithography on fused silica glass 

substrates. Three different IDEs were fabricated using gold (Au), platinum (Pt) and palladium 

(Pd) as symmetric metal electrodes. All three metals are well known for their catalytic 

properties on hydrogen species[44–46]. The ensuing IDEs were fabricated with the geometrical 

parameters of the 6760 μm digit length and an inter-electrode distance of 5 μm, while the glass 

substrate dimensions were 22.8 mm length, 7.6 mm width, and 0.7 mm height. Figure 3a shows 

a photograph of a representative IDE device together with an SEM image of the actual patterned 

electrodes (Au in this case). Device fabrication was completed with the subsequent deposition 

of the CuSCN layer directly onto the IDEs via spin-coating (Figure 3b). A schematic layout of 

the completed device is shown in Figure 3c while Figure 3d shows an optical micrograph of 

the actual device with the CuSCN deposited atop the interdigitated metal electrodes.  

 

Figure 3. a) Photograph of the bare IDEs and SEM image of representative patterned Au 

electrodes. b) Illustration of the deposition of the CuSCN films on top of an IDE via spin-

casting. c) A schematic of the as-prepared sensor based on CuSCN. d) Optical microscope 

image of a CuSCN-covered Au-based IDE device taken from an actual device.  

 

  The electrical properties of the as-fabricated sensors made using the three different metal 

electrodes were tested before and after exposure to low concentrations of hydrogen (200-1000 
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ppm) at room temperature, using a bias of 0.1 V. Figure 4a-c displays the current evolution 

with time for the different sensors upon repeated exposure to pure synthetic air and its mixture 

with different concentrations of hydrogen. Similar data were obtained for CuSCN devices 

processed from DES solvent (see Figure S4 for devices utilizing Au and Pt electrodes). The 

data provide direct evidence of the sensors’ rapid response to hydrogen, as well as of its 

excellent recovery times even when operated at room temperature. The measurements also 

highlight the good level of operational stability as all sensors, irrespective of the electrode metal 

employed, can easily sense the presence of hydrogen (1000 ppm) upon sequential exposure 

cycles without noticeable signal degradation. Overall, the CuSCN sensors exhibit easily 

measurable currents in the range of 10-6 to 10-3 A even upon application of low bias (0.1 V) 

leading to a remarkably low power consumption (1-100 μW).  

The response of CuSCN sensors processed form aqueous ammonia to different 

atmospheres, including vacuum, pure synthetic air and a mixture of 1000 ppm hydrogen with 

synthetic air, was also studied. Figure 4d-f shows the corresponding current-voltage (I-V) 

characteristics for the three types of sensors. In all cases, exposure of the device to synthetic air 

slightly increases the conductivity due to the oxygen doping followed by a noticeable increase 

upon exposure to hydrogen. Based on this observation we hypothesize that the sensing 

mechanism of hydrogen and oxygen may be different from the common mechanisms that most 

gas sensing materials rely on.[47] In the latter, both species are physically adsorbed in the surface 

of the sensing element where oxygen species act as oxidizing agents and hydrogen species act 

as reducing agents.[48]  

To better understand the origin of the increased conductivity of CuSCN upon exposure 

to hydrogen, we further analysed the I-V curves displayed in Figure 4d-f. Figure S5a-c shows 

the width-normalized I-V characteristics while Figure 5d-f presents the same data in log-log 

format. From the latter, a slope of ≈1 can be extracted for all electrode materials studied 
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indicating a purely Ohmic injection in all cases. Despite this, however, the channel currents 

differ with Au devices exhibiting the highest current (2.3 mA at 0.1 V) and those with Pd the 

lowest (0.093 mA at 0.1 V) upon exposure to hydrogen. The fact that the slope of the I-V curve 

remains the same (~1) before and after exposure, indicates a change in the hole concentration 

upon exposure to different atmospheres rather than a change in the carrier injection from the 

metal to the valence band of CuSCN. The lower conductivity measured for the Pt- and Pd-based 

sensors, as compared to the Au-based device, might be the result of unwanted/parasitic contact 

effects that hinders carrier injection. Such adverse effects can result from chemical interactions 

between the aqueous CuSCN solution and the metal electrodes during semiconductor 

deposition. For example, it is known that ammonia interacts with different metals, including Pt 

and Pd, to form metal complexes containing at least one NH3 ligand [49]
. Such interaction may 

occur during spin coating of CuSCN which may well lead to the formation of resistive 

interfacial layers (composed of metal complexes) that in turn hinder carrier injection and 

ultimately increasing the contact resistance (RC). Another plausible processes is Fermi energy 

pining that often occurs between metals and semiconductors, and can have a detrimental effect 

on Rc leading to significant deviations from the expected electrical behaviour[50].  

To gain a better understanding of the contact resistance across the different 

metal/CuSCN interfaces, we used the transmission line method (TLM) to calculate the RC. For 

these experiments the electrode width was kept constant and equal to 10 mm, while the inter-

electrode spacing was varied between 10-200 µm. Figure S6a shows representative I-V curves 

for CuSCN devices with Au, Pt, and Pd electrodes, while Figure S6b provides a summary of 

the extracted RC, transfer length (LT) and specific contact resistivity (ρC) for each device. The 

inset in Figure S6a is a photo of the actual electrode patterns used for the TLM experiments. 

Evidently, Au/CuSCN/Au devices exhibit the lowest RC of 0.15 M (highest current) with the 

Pt/CuSCN/Pt and Pd/CuSCN/Pd devices yielding 0.98 and 77 M, respectively. The results 
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explain the large current variations observed between sensors with different electrodes (Figure 

4d-f) and highlight the critical role of RC in determining the overall current.  

To correlate the hydrogen concentration with the induced hole current, we have studied 

the change in the overall device current measured at 0.1 V (∆I0.1V), for each sensor before and 

after exposure to 1000 ppm of hydrogen (Figure S5d-f). By assuming that the hole mobility in 

CuSCN remains constant during sensing, then the calculated ∆I0.1V should be proportional to 

the change in hole concentration (∆p0) due to H2 dissociation and subsequent p-doping, the 

mechanistic details of which will be discussed later. Analysis of the data in Figure S5d-f reveals 

that upon exposure to hydrogen the ∆p0 increases in all devices with Au/CuSCN/Au ~35%, 

Pt/CuSCN/Pt ~92%, and Pd/CuSCN/Pd ~220%. The increasing ∆p0 with increasing catalytic 

activity of the metal electrodes (i.e. Au→Pt→Pd) is in line with the trend in the sensors’ response 

discussed next.  

 
Figure 4. Current response of the CuSCN sensors to repetitive hydrogen exposure cycles with 

different concentrations based on: a) the Au electrodes, b) the Pt electrodes, and c) the Pd 

electrodes. All measurements were performed at a bias of 0.1 V. I-V measurements of the 

CuSCN sensors based on d) the Au electrodes, e) the Pt electrodes, and f) the Pd electrodes in 

the presence of vacuum, synthetic air, and hydrogen at a concentration of 1000 ppm.  

 

100 150 200 250 300

1.2

1.6

2.0

2.4

 

Time (min)

C
u

rr
e

n
t 

(m
A

)

0

400

800

1200

1600

2000
CuSCN / Au

H
2  (p

p
m

)

120 125
1.7

1.8

1.9

2.0
 

50 100 150 200 250

0.06

0.12

0.18

0.24

 

Time (min)

C
u

rr
e

n
t 

(m
A

)

CuSCN / Pt

0

400

800

1200

1600

2000

H
2  (p

p
m

)

-0.10 -0.05 0.00 0.05 0.10

-2

-1

0

1

2 CuSCN / Au

Vacuum

Synthetic air

Hydrogen - 1000 ppm

C
u
rr

e
n

t 
(m

A
)

Voltage (V)

-0.10 -0.05 0.00 0.05 0.10

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

Vacuum

Synthetic air

Hydrogen - 1000 ppm

C
u
rr

e
n

t 
(m

A
)

Voltage (V)

CuSCN / Pt

-0.10 -0.05 0.00 0.05 0.10

-0.08

-0.04

0.00

0.04

0.08
CuSCN / Pd

Vacuum

Synthetic air

Hydrogen - 1000 ppm

C
u

rr
e

n
t 

(m
A

)

Voltage (V)

150 200 250 300
0.00

0.02

0.04

0.06

0.08

 

Time (min)

C
u

rr
e

n
t 

(m
A

)

0

400

800

1200

1600

2000

CuSCN / Pd

H
2  (p

p
m

)

a b c

d e f



  

12 

 

We quantified the sensors’ response as a percentage (%) of the current change (Figure 

5a), and recovery time (Figure 5b), at different hydrogen concentrations under a constant bias 

of 0.1 V. A characteristic non-linear dependence of the response can be observed in all cases. 

Interestingly, the type of the metal electrodes employed appears to significantly affect the 

sensor’s performance with devices based on Pd exhibiting consistently higher response with Pt 

and Au-based sensors showing lower responses. Specifically, the response of sensors based on 

Au, Pt, and Pd upon exposure of 1000 ppm hydrogen were found to be 40.3, 66.6, and 179.0%, 

respectively. These differences are most likely attributed to the different rates of the catalytic 

reactions occurring at the metal surface in contact with CuSCN, which in turn contribute to the 

spill-over effect (surface migration of activated hydrogen atoms from the noble metal contact) 

and its subsequent impact on charge transport via electronic p-doping. Previous studies have 

shown that at room temperature, Pd particles exhibit superior catalytic properties towards H2 

dissociation to atomic form as compared to Pt followed by Au which has the lowest catalytic 

reactivity among the metals tested[45,51,52]. In this scenario, we hypothesize that atomic hydrogen 

is first generated upon interaction of H2 molecules with the metal electrode and subsequently 

diffuse and interact with the CuSCN layer altering its conductivity via p-doping. This 

hypothesis is corroborated by DFT calculations which reveal a link between the presence of 

atomic H in the bulk or on the surface of CuSCN, with increased hole concentration (p-doping), 

and will be discussed in detail later. Thus the results presented in Figure 5 are in qualitative 

agreement with the expected catalytic efficacy of the three metals towards molecular hydrogen 

dissociation, and support the proposed hypothesis of a spillover effect.  

Analysis of response time (defined as time taken for the current to rise to 90% of its 

final maximum value measured from the moment of exposure to hydrogen) in Figure 5b reveals 

that the sensors response to low H2 concentrations is fast even at room temperature and becomes 

slower as the hydrogen concentration increases for all three metal electrodes. The response time 
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of sensors based on Au and Pt electrodes differs slightly with the latter exhibiting a slightly 

faster response (624 vs. 600 s). Interestingly, Pd-based sensors exposed to higher hydrogen 

concentrations (1000 ppm) show a significantly reduced response time indicating a 

concentration-limited sensing process.  

 

Figure 5. a) Response and b) response time of the aqueous ammonia processed CuSCN sensors 

based on the Au, Pt and Pd electrodes as a function of the hydrogen concentration operated at 

room temperature.  

 

Table 2 summarizes the key device parameters extracted from these measurements for 

all three sensors upon exposure to 1000 ppm of hydrogen. Since the response time represents 

the time taken for the signal to reach 90% of its maximum value for the given H2 concentration, 

it does not reflect the minimum sensing response of the device. In other words, the sensor is 
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able detect the presence of hydrogen at much shorter times as evident from the data in the inset 

of Figure 4a, where the sensor exhibits a change in current (∆I) of ~0.2 mA, a rather large 

signal, within 60 s of exposure. Therefore, in a real-world sensing scenario, the device should 

be able to detect the presence of hydrogen in under <60 s in real-time. On the other hand, the 

recovery time remains approximately constant (≈60 s) for all sensors indicating the existence 

of a common desorption/dissociation process.  

 

Table 2. Summary of the operating parameters of the CuSCN sensors based on the Au, Pt, and 

Pd electrodes upon exposure to hydrogen gas at 1000 ppm concentration at room temperature.  

Electrode 

materials  

Response 

(%) 

Response time* 

(s) 

Recovery time 

(s) 

Au 40.3 624 60 

Pt 66.6 600 60 

Pd 179 402 60 
*
Time taken for the current to rise to 90% of its maximum value measured from the moment of exposure. 

 

Finally, we find that the chemical route used to deposit the CuSCN also plays an 

important role on the sensors performance. Figure S7 shows the response of CuSCN sensors 

prepared from DES and aqueous ammonia solutions using Pt and Au electrodes. Evidently, Au-

based devices processed from DES exhibit very small response (<10%) as compared to the 

aqueous ammonia-processed sensors (40%), even upon exposure to 1000 ppm of hydrogen. We 

attribute this to the thickness differences of the formed CuSCN layers obtained from the two 

solutions. In the case of DES, the resulting CuSCN layers are significantly thicker (>50 nm) 

than those formed from aqueous ammonia (~25 nm). Thus we argue that in the case of thicker 

polycrystalline CuSCN layers molecular hydrogen needs to diffuse further in order to dissociate 

to atomic hydrogen at the surface of the buried noble metal electrode. Therefore, the layer 

thickness, crystallinity and uniformity of CuSCN are expected to play important roles. Our 

findings are consistent with the layer thickness of the CuSCN for the two cases and highlight 
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an important design parameter that could be exploited to further advance the sensor’s 

performance.  

When compared to the relevant literature, our Pd-based CuSCN sensor offers a number 

of attractive attributes including, high sensitivity, reliable cyclic hydrogen sensing at room 

temperature and relatively fast response and recovery times over a broad range of analyte 

concentrations.[25,30, 53-58,68] Among those, the ability to operate at room temperature 

continuously or intermittently,  at low power, are all very attractive and could prove enabling 

characteristic for numerous emerging applications aiming at monitoring H2 concentrations 

using distributed sensing nodes as part of the emerging internet of things (IoT) device 

ecosystem. To objectively compare the various technologies found in the literature, we have 

summarized (Figure 6) the key operating parameters of the best-performing hydrogen sensors 

that are able to operate at room temperature. As can be seen, our CuSCN-based sensor 

technology combines numerous attractive attributes including, room-temperature operation 

with robust and stable sensing characteristics while being able to operate at low voltages and 

consume very little power. Additional advantages include upscalable manufacturing via green 

and environmentally-friendly solution-processing techniques. The latter could prove truly 

enabling for the practical deployment of the technology in large volume sensors for the 

emerging hydrogen economy.  
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Figure 6. Summary of the response of best-in-class hydrogen sensors reported to date in 

literature operating at room temperature. Data from the present work is shown as blue-yellow 

coloured circle symbols “CuSCN (this work)”.  

 

5. Density Functional Theory Calculations  

In order to elucidate the sensing mechanism of the CuSCN-based devices, we performed 

Density-Functional Theory (DFT) calculations using the code Quantum Espresso (QE),[59] the 

Perdew-Burke-Erzenhof (PBE) generalized gradient approximation (GGA) exchange-

correlation (xc) functional[60] and projector-augmented waves[61] for the interaction between 

ionic cores and valence electrons. The energy cut-off for the plane-wave basis was set at 75 

Rydbergs. The reciprocal space was sampled with the Monkhorst-Pack[62] (tetrahedron [63]) 

method in total-energy (electronic density of states, DOS) calculations. The structures were 

rendered with VESTA [64]. All other details in the calculations were the same as those in the 

previous DFT studies on CuSCN [65–67].  

The obtained data are shown in Figure 7. Starting with oxygen species, we have found 

that an O2 molecule can either physisorb on a CuSCN surface [binding energy of 36 meV Figure 
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7b], or chemisorb with significant energy gains (in excess of 1.00 eV) by dissociating to two O 

atoms as shown in Figure S8. Interestingly, in both instances, the density of states (DOS) plot 

in Figure 7 reveals that the physisorption of an oxygen molecule generates empty states right 

above the valence band maximum (VBM) of β-CuSCN, hence the hole conductivity can be 

enhanced. Similar results (i.e. empty states above the VBM) are obtained for several of the 

chemisorbed configurations of Figure S8. These findings are consistent with the above-

mentioned experimental observations that exposure to synthetic air increases slightly the 

conductivity of the CuSCN layer. For hydrogen molecules, on the other hand, there is no 

possibility of noticeable physisorption as all initial configurations of a molecule next to a 

surface atom relaxed eventually to positions away from the surface.  

An alternative scenario for the insertion of hydrogen in CuSCN is its spillover in atomic 

form from the proximal noble metal electrode, as discussed previously. Indeed it has been 

shown[65] that hydrogen atoms in the bulk of β-CuSCN shift the Fermi level inside the valence 

band. Therefore, isolated H impurities can increase the number of holes as do Cu vacancies, the 

most common native defects in CuSCN.[65] On the other hand, we have also found that a Cu 

vacancy can form a stable complex with a single H impurity in the bulk of CuSCN (the binding 

energy is 0.62 eV), and that, when this complex is formed, the above hole-increasing effect is 

cancelled.  
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Figure 7. Density of states plot for the CuSCN surface configurations shown in insets with (a) 

a single H atom on (blue line), (b) a physisorbed O2 molecule (red line) and (c) the most stable 

product of the reaction involving two O and one H atom at the surface of CuSCN  (Cu: brown, 

S: yellow, C: gray, N: blue, H: hydrogen, O: red spheres). Zero energy is set at the Fermi level.  

 

Interestingly, individual hydrogen atoms on a CuSCN surface (Figure S9) have a 

similar doping effect as H atoms in the bulk of the material do. In particular, the most stable 

configuration of a single H atom on the surface (Figure S9a) creates empty states right above 

the highest occupied states of the material. Hence, surface H impurities (which do not have to 

diffuse throughout the bulk of CuSCN) contribute to an increase of the conductivity as well. 

With further supply of oxygen molecules, these surface H atoms may react with a pair of O 

atoms and form a number of possible products, as depicted in Figure S10. The reaction with 

the largest energy gain (2.24 eV) creates a carbon dioxide molecule and leaves behind an S-N 

bridge with a H atom attached to the N site, a configuration shown in Figure 7(c) and Figure 

S10(a). This structure too has an empty state inside the band gap of CuSCN, but this state lies 

away from the valence band maximum. Hence, the defect of Figure 7(c) cannot act as an 

acceptor, and hole conductivity is suppressed.   
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 Based on the above theoretical consideration and taking into account the experimental 

findings, a plausible scenario that may account for the observations of increased conductivity 

in CuSCN upon exposure to hydrogen consists of the following steps:  

1. H2 molecules diffuse through the CuSCN layer, most likely through small voids present 

in the ultrathin layer.  

2. Upon interaction with the metal electrode (Au, Pt, or Pd) the H2 molecules are broken 

to atomic species (H atoms).  

3. Hydrogen atoms hop to the CuSCN side (bulk and/or surface) (spill-over effect).  

4. Next, H atoms create additional holes in CuSCN and increase the conductivity of the 

semiconductor.  

 Importantly, these gains in p-type conductivity can be reversed, to a certain extent, upon 

exposure to air because of two possible routes for the dynamic evolution of the inserted H 

atoms: i) they can either form electrically inert complexes with Cu vacancies in the bulk of 

CuSCN, ii) they can undergo reaction with O species that eliminate acceptor states. The fact 

that the recovery time for all three types of sensors remains the same (~60 s, Table 2), indicates 

a common origin which may well be one or both of the aforementioned processes. Critically, 

this set of mechanisms is consistent with both the experimental observation of the enhancement 

of hole conductivity in CuSCN upon exposure to H2 and the cyclic nature of the whole 

phenomenon which is controlled by the intermittent exposure to hydrogen gas (Figure 4a-c).  

6. Conclusion  

We demonstrated low-power and simple-to-fabricate hydrogen sensors based on solution-

processed layers of CuSCN as the sensing element. The sensors comprised of interdigitated 

electrodes of different noble metals and were shown to be able to detect the presence of 

hydrogen down to 200 ppm concentrations at room temperature under a low bias of 0.1 V. We 
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established that the use of noble metals, namely Au, Pt, and Pd, was critical for the sensing 

process with all devices exhibiting stable operation and performance over repeated sensing 

cycles at room temperature. Sensors based on the Pd electrodes exhibited the best performance 

with a maximum response of 179% upon exposure to 1000 ppm of hydrogen. The latter was 

attributed to the stronger catalytic activity of Pd as compared to Au and Pt electrodes, although 

all metal appear to yielded functional sensors. The experimental findings were corroborated by 

theoretical DFT studies that provide new important insights into the sensing process, and 

particular in the role of hydrogen-induced p-doping of CuSCN at room temperature. The present 

study showcases the potential of CuSCN as a candidate semiconductor for application in 

printable hydrogen sensors that are able to operate at room temperature and while consuming 

low power.  

 

7. Experimental  

CuSCN solution preparation: Commercial CuSCN powder (99 %, Sigma-Aldrich) was 

dissolved in aqueous ammonia (25 %, v/v, Sigma-Aldrich) at a concentration of 25 mg mL-1 

and stirred for one hour at 50 oC. The solution was left to rest overnight at room temperature 

under a hood to stabilize. Immediately before film deposition, the solution was filtered with a 

0.45 um pore size filter.  

Thin-film deposition: Pieces of fused silica glass and oxidized silicon wafers were cleaned by 

ultrasonication in subsequent bathes of deionized water, acetone, and propanol. These 

substrates were dried using a smooth nitrogen flow and then treated under an oxygen plasma 

environment (30 W, 60 sec at 250 mTorr) to ensure repeatable wetting of the surface by the 

CuSCN solution. Next, the solution was spin-cast on top of the substrates at a rotation speed of 

1000 rpm for 60 seconds. After the deposition, all films were thermally annealed on a hot plate 

at a temperature of 100 °C for 20 min.  
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Ultraviolet-Visible - Near-Infrared Spectroscopy: CuSCN films deposited on the fused silica 

glass were used to obtain the transmittance spectrum by utilizing a Perkin Elmer Lambda 950 

UV/Vis/NIR spectrophotometer, in the wavelength range of 250–2500 nm. By comparing the 

spectra of the CuSCN film and the spectra of the pure fused silica glass, the direct and indirect 

band gaps were calculated through the Tauc analysis with the Origin software.  

Morphological characterization: The uniformity of the films was examined by using a Hitachi 

S570 Field-Emission Scanning Electron Microscope (FESEM). The 3D and 2D pictures of the 

films' surface on a smaller scale with the respective roughness value were obtained through 

Atomic Force Microscopy (AFM) using a Nanoscope II microscope on tapping mode. Also, the 

thickness of the film was estimated with the same AFM by measuring the altitude of a step 

which was created carefully by forming an incision with a sharp blade in the film. 

X-ray Diffraction: The structural properties of the CuSCN film on top of the oxidized silicon 

substrate were determined with a Bruker D8 Advance X-ray diffractometer (XRD) equipped 

with Cu Ka1 radiation by a theta / 2theta (2θ) scanning in the range of 10°-60° with a measuring 

step of 0.02°. The same spectra were obtained also for a pure oxidized silicon wafer and used 

as reference. The β-phase of the CuSCN films was revealed by analysing the same spectra with 

the X’Pert HighScore Plus software (JCPDS Card No. 00-029-0581). Furthermore, the 

crystallite size of the nanostructured film was calculated using Scherrer’s formula:  

d = 
0.9·𝜆

𝛣·𝑐𝑜𝑠𝜃
      (1) 

where, B is the FWHM of the peak of the (006) crystal plane and λ = 1.5406 Å is the wavelength 

of X-rays.  

Hydrogen sensors fabrication: Palladium, platinum, and gold interdigitated electrodes (IDEs) 

were deposited on top of fused silica glass. Optical photolithography was used to define the 

patterns using an optical mask. A negative tone resist (AZ2020) was used to obtain lift-off 
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defined metal patterns. All metals were deposited in a Temescal BJD e-gun evaporator system 

at 3.5 Å/sec to a final thickness of 200 nm. All sensors contained 2×250 digits with a 5 μm digit 

gap, while each digit possesses a length of 6760 μm and a width of 5 μm. Finally, the CuSCN 

films were deposited on top of the IDEs.  

Hydrogen sensing measurements: Each sensor was placed inside a homemade chamber with a 

volume of 1 L on top of a homemade probe-station and connected with a Keithley 6517A 

electrometer. Initially, for each measurement, a 500 sccm flow of pure synthetic air was inserted 

inside the chamber for 2 hours to stabilize the sensor in the specific environment. Next for the 

detection of hydrogen, synthetic air - hydrogen mixtures were inserted inside the chamber with 

concentrations of 1000, 800, 600, 400, and 200 ppm of hydrogen for 20 minutes while keeping 

the total flow constant. At the end of each hydrogen exposure, pure synthetic air was induced 

again inside the chamber for 10 minutes to recover the sensor. The sensor's response value in 

each hydrogen concentration was measured through the formula 

𝑅 =
(𝐼|𝑔𝑎𝑠 − 𝐼𝑎𝑖𝑟)

𝐼𝑎𝑖𝑟
∗ 100%               (2) 

where R is the response, Iair is the current value when the sensors are exposed to synthetic air 

and Igas is the final current when the sensors are exposed to hydrogen. The response and 

recovery times for each concentration were measured as the time for a sensor to reach 90 % of 

its final value in the presence of hydrogen and synthetic air, respectively.  
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Low-power hydrogen sensors based on the wide-bandgap p-type semiconductor CuSCN 

show excellent response to low concentrations of hydrogen at room temperature. The increase 

in conductivity of CuSCN upon exposure is attributed to the interaction between molecular 

hydrogen and the noble metal electrode which act as catalysts for hydrogen chemisorption 

within CuSCN.  
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Figure S1: Optical properties of CuSCN films. a) Comparison of transmittance for CuSCN 

films deposited from DES solvent (red) and aq. ammonia (blue), respectively. b) Tauc plot 

analysis for CuSCN/DES films, assuming an indirect (3.55 eV) and a direct (3.98 eV) optical 

gap. 
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Figure S2: X-ray diffraction patterns of CuSCN films deposited from DES solvent (red) and 

aq. ammonia solution (blue) in comparison with the pattern of CuSCN powder. 
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Figure S3: (a, b) SEM images taken without and with tilt and (c, d) AFM images of CuSCN 

films deposited from DES solvent. The obtained RMS roughness value is 9.7 nm.  

 

 

 

 

 
Figure S4: Current response of the CuSCN/DES sensors to repetitive hydrogen exposure 

cycles with different concentrations based on a) Au electrodes, b) Pt electrodes.  
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Figure S5: a-c) Length-normalized current plots for hydrogen sensors based on CuSCN 

fabricated from aq. ammonia using Au, Pt, and Pd electrodes, respectively. The total width of 

the IDE fingers was 338 cm. d-f) Corresponding log-log current-vs-voltage curves with slopes 

of nearly unity (minimum: 1.02, maximum 1.07) in all cases, indicating Ohmic behaviour.  

 

 

 

 
Figure S6: Contact resistance measurements were carried out via transmission line method 

(TLM) using rectangular patterns with a width W of 10 mm and length L between 10-200 µm. 

a) Example I-V curves for Au, Pt, and Pd electrodes at a length of 40 µm. The inset shows the 

electrode patterns on a glass substrate. b) Table that summarizes the extracted values for contact 

resistance RC, transfer length LT and specific contact resistivity ρC for each respective type of 

metal electrode. 
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Figure S7: Comparison of the hydrogen sensing response of CuSCN based sensors fabricated 

from DES solvent and aq. ammonia on top of Pt and Au electrodes, respectively.  

 

 

 
Figure S8: Products of reactions of an oxygen molecule with a CuSCN surface. The relative 

energies are shown with the lowest value set to zero (Cu: brown, S: yellow, C: gray, N: blue, 

O: red spheres). Compared to structure (a), the configuration with a physisorbed oxygen 

molecule [Figure 7(b) in the main text] is less stable by 2.15 eV. However, it should be noted 

that the physisorption of an oxygen species has an almost vanishing barrier, hence attachment 

or detachment of an intact oxygen molecule happens readily at room temperature.  
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Figure S9: Configurations of atomic hydrogen (white) on a CuSCN surface. The relative 

energies are shown with the lowest value set to zero (Cu: brown, S: yellow, C: gray, N: blue, 

H: white spheres). 

 

 

 
Figure S10: Products of reactions involving two oxygen atoms and one hydrogen atom at a 

CuSCN surface. The relative energies are shown with the lowest value set to zero (Cu: brown, 

S: yellow, C: gray, N: blue, O: red, H: white spheres).   

 

 

Table S1: Summary of room-temperature operating characteristics of solid-state hydrogen 

sensors reported in the literature.  
Material Concentration 

(ppm) 

Response 

(%) 

Response 

time (s) 

Recovery 

time (s) 
Operating 

Voltage (V) 

Reference 

TiO2 NFs 1000 45 89 31 5 68 

Pt-SnO2 NRs 1000 87 0.33 30 5 25 

SnO2 NFs 1000 80.20 62 500 5 53 

Pt-NiO 5000 325 91 8 2 30 

Pd-Graphene 2000 70 8 3 0.5 54 

TiO2 NTs 1000 90 1 1 10 55 

Pd-GaN 1500 9 600 120 0.5 56 

MoS2-Si 500 15.4 105 444 <5 57 

CH3NH3Pbl3-xClx 10 0.3 40 61 1 58 

CuSCN  1000 179 402 60 0.1 This work 

CuSCN  200 5.3 150 60 0.1 This work 

 


