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Ordered Porous RGO/SnO2 Thin Films for Ultrasensitive Humidity 
Detection  

Zhou Li,abc David W. Gardner,ab Yong Xia,abd Sikai Zhao,abe Aifei Pan,abd Nishit Goel,f Stephen Bart,f 
Chen Liu,g Jianxin Yi,c Carlo Carraro,ab and Roya Maboudian*ab 

In this work, ordered porous thin films of reduced graphene oxide and tin oxide (rGO/SnO2) were synthesized by a 

polystyrene sphere monolayer colloidal crystal template method, and their gas-sensing properties were systematically 

studied. The formed amorphous SnO2 and partially reduced graphene oxide were analyzed using several complementary 

material characterization techniques. The results show that the incorporation of rGO significantly improved the humidity 

sensitivity and the electrical conductivity of the sensor relative to the pristine SnO2 thin film. Fast response time and excellent 

selectivity towards humidity were also achieved for the rGO/SnO2 composite film. The long-term stability of the rGO/SnO2 

sensor was confirmed by comparing its performance to a commercial humidity sensor. The enhanced sensor performance 

is attributed to the synergistic effects of the incorporation of rGO and the ordered porous structure of the composite film. 

Introduction 

Water vapor is the most ubiquitous component of the 

atmosphere, and its concentration is a crucial parameter to be 

monitored and controlled for various application areas such as 

automation industry, medical care, and agriculture 

production.1-3 Therefore, highly sensitive and selective sensors 

for humidity detection have attracted widespread attention. 

Humidity sensors are mainly classified into capacitive and 

resistive types in terms of data transduction methods. Although 

the capacitive-type humidity sensors are commonly used, some 

of their drawbacks include complicated circuit design, high cost 

and high-power consumption.4 Comparatively, resistive-type 

humidity sensors are attractive due to their low cost, portable 

size, easy fabrication process, and excellent compatibility with 

modern electronic devices.5-8 

    As one of the most representative semiconducting metal 

oxide materials (MOx), tin dioxide (SnO2) has proven to be a 

suitable humidity sensing material due to its high sensitivity and 

excellent electrochemical stability.9-12 Parthibavarman et al. 

synthesized spherical-shaped SnO2 nanoparticles using a 

microwave irradiation method for humidity detection.9 Yadav 

et al. fabricated nanocrystalline SnO2 thick film-based humidity 

sensors using screen printing technique.10 Zheng et al. reported 

high-sensitivity humidity sensors based on a single SnO2 

nanowire with high concentration of oxygen vacancies 

synthesized by chemical vapor deposition.11 However, pristine 

SnO2 materials still suffer from several limitations including low 

electrical conductivity, poor selectivity, and limited 

measurement range.13-15 Besides, most research efforts have 

only focused on highly crystalline SnO2 synthesized at high 

temperatures (350-700°C) with tetragonal rutile structures, and 

amorphous SnO2 formed at temperatures below 200°C have not 

been investigated for humidity detection purposes.16,17  

    In recent years, graphene has attracted significant research 

interest for sensing applications due to its large specific surface 

area and high electrical conductivity.18-20 However, due to the 

absence of functional groups and defect sites, graphene often 

exhibits poor sensing performance.21,22 Reduced graphene 

oxide (rGO), a common graphene derivative, is considered to be 

a promising sensing material mainly because of its abundant 

surface functional groups and facile synthesis process.23,24 

Notably, rGO/SnO2 nanocomposites have emerged as a new 

class of gas-sensing materials. Zhang et al. synthesized SnO2 

nanoparticle-loaded rGO by hydrothermal method and 

achieved highly sensitive NO2 detection at low operating 

temperature (50°C).25 Liu et al. achieved sensitive room-

temperature H2S detection and low cross-sensitivity to common 

interfering gases including NO2 and NH3 using SnO2 quantum 

wire/rGO nanocomposites.26 Rao et al. fabricated room-

temperature liquid propane gas sensors by employing 

rGO/SnO2 nanocomposites as sensing materials.27 These 

reports highlighted that graphene/SnO2 nanocomposites 
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exhibit a large enhancement in gas-sensing properties in 

comparison with either pure SnO2 or rGO. 

    In this work, the polystyrene sphere monolayer colloidal 

crystals (PSMCC) template method is adopted to synthesize 

ordered porous rGO/SnO2 thin films. A low annealing 

temperature of 120°C is selected for forming amorphous SnO2 

and partially reduced graphene oxide. Humidity-sensing 

properties of the thin films are systematically examined. Gas 

exposure tests show that rGO/SnO2 nanocomposite film 

demonstrates superior humidity-sensing performance 

compared to pristine rGO and SnO2 films due to the unique film 

microstructure and promoting effect of rGO. The rGO/SnO2 

material also shows high selectivity and long-term stability. The 

sensing behaviour and mechanism of the rGO/SnO2 

nanocomposite material are also discussed.  

Results and discussion 

Material properties and microstructure 

X-ray diffraction was employed to probe the structure of the 

synthesized rGO/SnO2 (Fig. 1). By evaporating and annealing the 

corresponding precursor solutions, SnO2, rGO, and rGO/SnO2 

powder samples were also obtained for XRD measurements. For 

comparison, XRD patterns of SnCl4·5H2O precursor and GO 

precursor powders were also examined. As shown in Fig. 1, 

compared to the XRD pattern of SnCl4·5H2O precursor, SnO2 

powder sample only exhibits two broad diffraction peaks of low 

crystallinity at 31° and 54°, respectively, and no other 

diffractions peaks are identified, indicating its amorphous 

feature.28,29 The conversion from SnCl4·5H2O to amorphous 

SnO2 is also consistent with the TGA and DTG results of 

SnCl4·5H2O in air that report the largest weight loss in the range 

of 80-160°C (Fig. S1a, ESI†). The d-spacing is calculated to be 8.1 

Å for GO and 7.1 Å for rGO based on the strong and sharp (002) 

peaks at 11.0° and 12.4°, respectively.30,31 After the thermal 

reduction, the main peak shifts towards higher angles, 

indicating a decrease in d-spacing and an increase in stacking of 

graphene sheets, and consistent with prior reports.31 The 

conversion from GO to rGO is also consistent with the TGA and 

DTG results of GO in air that showed a large weight loss in the 

range of 30-150°C (Fig. S1b, ESI†). The rGO/SnO2 composite 

exhibits two broad diffraction peaks of low crystallinity from 

amorphous SnO2 but no peaks from rGO, which is mainly 

ascribed to low weigh ratio (1.4%) of GO to SnCl4·5H2O in the 

precursor solution. 

 

Fig. 2 shows the FTIR spectra of SnCl4·5H2O, SnO2, GO, rGO, 

and rGO/SnO2. The SnCl4·5H2O sample shows stretching 

vibrations of the O-H bond at around 3500 cm-1 and bending 

vibrations of H-O-H at around 1600 cm-1. The absorption bands 

below 900 cm-1 are related with the vibrations of Sn-Cl bonds.32 

In comparison, the SnO2 sample exhibits the stretching 

vibrations of Sn-O at around 510 cm-1 and the symmetric 

vibrations of O-Sn-O at around 670 cm-1, respectively.33 The raw 

GO sample displays the presence of bands associated to C-O at 

1053 cm-1, C-O-C at 1270 cm-1, C-OH at 1416 cm-1, C=C at 1630 

cm-1, C=O at 1733 cm-1, and O-H bonds at 3500 cm-1, 

respectively.34 In comparison, the lower intensity of C-O, C-OH, 

and C=O vibrations and higher intensity of C-O-C of rGO sample 

suggests partial reduction of oxygen-containing functional 

groups of GO by annealing. The rGO/SnO2 composite exhibits 

various vibration peaks from SnO2 but no peaks from rGO due 

to the low concentration of GO in the precursor solution. 

 

Fig. 3 shows the Raman spectra of SnCl4·5H2O, SnO2, GO, rGO, 

and rGO/SnO2 samples. The SnCl4·5H2O sample shows peaks at 

155 cm-1 and 326 cm-1 corresponding to the Cl-Sn-Cl asymmetric 

bending and the Sn-Cl symmetric stretching, respectively.35 For 

SnO2 sample, these two peaks disappear but a broad peak is 

observed at around 350 cm-1, which is ascribed to the formation 

of amorphous SnO2 nanoclusters by annealing.36 The GO and 

rGO samples both have two prominent peaks corresponding to 

D and G bands at ~ 1323 and ~1585 cm-1, respectively. No 

obvious peak shift is observed by comparing the peak positions 

of each sample. In addition, no obvious trend in the intensity 

ratio of D to G bands is observed, which implies that annealing 

at a low temperature, 120°C, does not introduce defects 

detectable by Raman spectroscopy. For the rGO/SnO2 

composite, the two main peaks from the D and G bands of 

graphene are observed but no peaks from SnO2 are located, 

which is ascribed to the low intensity for vibrations of 

amorphous SnO2. 

Fig. 2 FTIR spectra of SnCl4·5H2O, SnO2, GO, rGO, and rGO/SnO2. 

Fig. 1 XRD patterns of SnCl4·5H2O, SnO2, GO, rGO, and rGO/SnO2. 
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Scanning electron microscopy was used to observe the 

morphologies and microstructures of polystyrene template, 

SnO2/PS, rGO/PS, and rGO/SnO2/PS films deposited on Si(100) 

substrate and annealed at 120°C. The relatively brighter 

particles observed are attributed to the Au/Pd nanoalloy 

sputter deposited for enhancing the conductivity of the sample 

for SEM imaging. As can be seen from Fig. 4a and e, the PS 

monolayer colloidal crystals template melt and form a thin film 

after annealing. The formed PS film was identified by Raman 

spectroscopy (Fig. S2a, ESI†). For SnO2/PS film, homogeneous 

ordered arrays over a large region are observed (Fig. 4b). The 

corresponding high-magnification SEM image confirmed 

ordered quasi-hexagon skeletons of 500 nm diameter 

established by the PS sphere size (Fig. 4f). Besides the Au/Pd 

nanoalloy, the existence of polystyrene was also confirmed by 

Raman spectroscopy (Fig. S2a, ESI†). Compared to SnO2/PS film, 

the rGO/PS film shows less ordered structure (Fig. 4c, g). The 

rGO/SnO2/PS film exhibits desired ordered porous structure, as 

shown in Fig. 4d, h. From the inset of Fig. 4h, the thickness of 

the RGO/SnO2/PS film is estimated to ~3 μm. The details of the 

cross section of the RGO/SnO2/PS film can be observed in Fig. 

S3 (ESI†). Only graphene peaks and no polystyrene-associated 

peaks were observed by Raman spectroscopy carried out on the 

RGO/SnO2/PS and rGO/PS films (Fig. S2b, ESI†). This result might 

be ascribed to much higher sensitivity of Raman to graphene 

over polystyrene, leading to the absence of polystyrene in these 

spectra.  

 

Gas-sensing properties 

Fig. 5 shows the room-temperature response of the 

rGO/SnO2/PS sensor vs. relative humidity. For comparison, the 

responses of the sensors based on constituent components, 

namely, PS, SnO2/PS, rGO/PS, are also shown. The resistance 

values of all the sensors decrease as the relative humidity 

increases. However, except for the close high resistance values 

in dry air, the sensors exhibit quite different behavior at high 

humidity. In particular, the rGO/SnO2/PS sensor shows the 

steepest decrease, indicating its highest electrical conductivity 

and humidity sensitivity. 

 

The sensors were also exposed to exhaled breath and finger 

humidity to present their dynamic response capacities at an 

ambient relative humidity of 35%. As can be seen from Fig. 6a, 

when the rGO/SnO2/PS sensor is exposed to exhaled breath, the 

resistance very rapidly decreases, and starts to recover to the 

baseline when exhaled breath is stopped. During the 

continuous measurement cycles, not only the response and 

recovery transients but also the baseline values are highly 

repeatable. Fig. 6b shows the response of rGO/SnO2/PS sensor 

to finger humidity. When an index finger is placed over the 

sensor, the resistance decreases quickly, and recovers back to 

baseline after the finger is removed. During the continuous 

measurement cycles, this response-recovery behavior can be 

Fig. 3 Raman spectra of (a) SnCl4·5H2O, SnO2, and (b) GO, rGO, and rGO/SnO2. 

Fig. 4 Low- and high-magnification SEM images of (a, e) PS, (b, f) SnO2/PS, (c, g) rGO/PS, and (d, h) rGO/SnO2/PS. Inset in (h) is the corresponding cross 

section of rGO/SnO2/PS.

Fig. 5 Electrical resistances of PS, SnO2/PS, rGO/PS, and rGO/SnO2/PS sensor as 

function of relative humidity at room temperature.
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well repeated, indicating its potential application for sensing 

noncontact skin breathing.37,38 As a possible application, the 

sensor may be applied as a noncontact switch, which is useful 

to prevent the spread of the ongoing coronavirus disease. 

Compared to the performance of rGO/SnO2/PS sensor, PS 

sensor exhibits longer recovery time and less stable baseline 

(Fig. S4a, S5a, ESI†), while rGO/PS, and rGO/SnO2/PS sensors 

show higher resistance and lower humidity sensitivity (Fig. S4b, 

c, S5b, c, ESI†). 

 

To quantitatively analyze the response and recovery 

behaviors, the performance of rGO/SnO2/PS sensor exposed to 

75% R.H. humidified air was measured under an ambient 

relative humidity of 25%. As can be seen from Fig. S6 (ESI†), 

during the continuous measurement cycles, not only the 

response and recovery transients are fast but also the baseline 

recovery of the sensor is excellent. The response time of the 

sensor is calculated to be 1.4 s, which is extremely short, as 

shown in Fig. 7. The recovery time of the sensor is calculated to 

be 335 s. In contrast, the rGO/PS sensor cannot recover to the 

baseline value after several measurement cycles (Fig. S7, ESI†), 

indicating that SnO2 is critical to the stability of rGO/SnO2/PS 

sensor. In addition, given the operating temperature of room 

temperature, the amorphous nature of SnO2 should affect the 

stability of the sensor much less than at elevated temperatures. 

 

To analyze the selectivity of the rGO/SnO2/PS sensor, the 

sensor response to several interfering gases is investigated (Fig. 

8). CO2 and CH4 are selected as typical greenhouse gases, which 

might vary significantly in certain natural environments. Ethanol 

is selected due to its strong interference to traditional SnO2 

based gas sensors. Concentration of 5000 ppm is chosen for CO2 

and CH4 as it exceeds the maximum concentration that most 

environments can reach. Concentration of 500 ppm is chosen 

for ethanol as it exceeds the minimum identifiable odor level of 

approximately 350 ppm for human beings.39 Similar to 

humidity, the sensor resistance to methane and ethanol is 

found to decrease while the sensor resistance in response to 

CO2 is found to increase. This sensing behavior is consistent with 

related literature.40-42 As can be seen from Fig. 8, the response 

of the sensor to 40% R.H. humidified air is calculated to be 

around 71,000 ± 12,890, significantly higher than those to the 

selected interfering gases (Fig. S9, ESI†). Specifically, while the 

responses to CO2, ethanol, and methane vary with relative 

humidity, they all remain below 4, indicating the excellent 

selectivity of rGO/SnO2/PS sensor to relative humidity. In 

addition, the selectivity of rGO/SnO2 sensor (without PS 

monolayer template) was also evaluated (Fig. S8, 10 ESI†). The 

response of rGO/SnO2 sensor to 40% R.H. humidified air (6,300 

± 980) is significantly lower than that of rGO/SnO2/PS sensor, 

indicating that the ordered porous structure generated by PS 

monolayer template can efficiently enhance the sensing 

performance of rGO/SnO2 composite.  

 

The stability of rGO/SnO2 sensor is evaluated by comparing 

its performance with the commercial BME280 humidity sensor. 

The dynamic conductivity changes of rGO/SnO2 sensor were 

first measured as relative humidity was manually controlled to 

fluctuate greatly within a 3-hr time window. As can be seen 

from Fig. 9a, while the relative humidity fluctuates from 0 to 

85%, the conductivity changes of rGO/SnO2 sensor are highly 

consistent with the relative humidity changes detected by 

BME280 sensor. In addition, rGO/SnO2/PS sensor exhibits even 

faster response speed in some cases which are highlighted by 

dashed circles in Fig. 9a. The dynamic conductivity changes of 

rGO/SnO2 sensor were then measured as relative humidity 

naturally changed in an indoor space over an 8-day period. As 

can be seen from Fig. 10b, the conductivity changes of 

rGO/SnO2 sensor match well with the relative humidity changes 

detected by the commercial sensor. These results demonstrate 

the excellent stability of rGO/SnO2/PS sensor.  

 

The above results demonstrate that the rGO/SnO2/PS sensor 

sensor in this present work possessed excellent overall 

Fig. 6 Dynamic resistance changes of rGO/SnO2/PS sensor at an ambient relative 

humidity of 35% to (a) exhaled breath and (b) finger humidity.

Fig. 7 Response and recovery behavior of rGO/SnO2/PS sensor to 75% R.H. humidified air 

at an ambient relative humidity of 25%. 

Fig. 8 Responses of rGO/SnO2/PS sensor to 40% R.H. humidified air as well as CO2, 

ethanol, and methane in dry and 40% R.H. humidified air.

Fig. 9 (a) Dynamic conductivity changes of rGO/SnO2/PS sensor as relative humidity is 

manually controlled to fluctuate over 3 hours and (b) as relative humidity naturally 

changes in an indoor space over 8 days. 
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humidity-sensing performance. When compared with related 

humidity sensors, the rGO/SnO2/PS exhibited markedly higher 

response value and shorter response time (Table S1, ESI†). 

We propose the following mechanism for the observed 

behavior of the rGO/SnO2/PS sensor to relative humidity, as 

shown by Fig. 10. The humidity sensing mechanism is highly 

associated with the electrical conduction of rGO/SnO2/PS thin 

film surface under the exposure to humidity.19,43,44 Under low-

humidity conditions, water molecules in the form of hydroxyl 

groups are chemically adsorbed on the surface of rGO/SnO2/PS 

thin film. As the relative humidity increases, more water 

molecules can be physically adsorbed. The adsorbed water 

molecules form a continuous mobile water layer on the film 

surface. A fraction of absorbed water molecules can be ionized 

by an external electric field and form hydronium ions (H3O+) as 

charge carriers by Grotthuss chain reaction (H2O + H3O+ → H3O+ 

+ H2O), which has been widely accepted as proton hopping 

behavior.12,14 Under high-humidity conditions, multilayer 

physisorption of water vapor promotes the proton transfer and 

penetration into the rGO/SnO2/PS thin film, leading to a large 

increase in the conduction. We further hypothesize that the 

incorporation of rGO into SnO2/PS thin film creates more active 

sites, resulting in the adsorption of more water molecules, thus 

leading to the higher response value, faster response speed, 

and better selectivity with higher conductivity in response to 

humidity.  

Conclusions 

In this work, porous rGO/SnO2 thin films were synthesized by 

the PSMCC template method. The incorporation of rGO into 

SnO2 thin film creates more active sites, which favors 

adsorption water molecules, leading to higher, faster and 

selective response, with higher electrical conductivity than the 

individual material components. The excellent stability of 

rGO/SnO2 thin film was confirmed by comparing the 

performance to a commercial humidity sensor. The formed 

ordered porous structure was found to be critical to the 

excellent humidity-sensing performance. A proton conduction 

mechanism based on Grotthuss chain reaction has been 

proposed to explain the observed behavior. 

 

Experimental details 

Synthesis of materials and sensor preparation 

In this work, the polystyrene sphere monolayer colloidal As 

shown in Fig. S11 (ESI†), ordered, porous SnO2, rGO, and 

rGO/SnO2 films were synthesized by a modified PSMCC 

template method originally presented elsewhere.45,46 Briefly, 

3.50 g of tin (IV) chloride pentahydrate (SnCl4·5H2O) and 50 mg 

of graphene oxide (lateral dimension, 300-800 nm, Cheaptubes, 

Inc.) were sonicated in 100 mL of deionized water to prepare 

the precursor solution. A glass substrate covered with PSMCC 

template (Microgenics Corporation, 500 nm diameter, 10.0 

wt.% in water) was fabricated by gas-liquid-solid interface self-

assembly method.45 As the glass substrate was gradually 

immersed into the precursor solution, the colloidal template 

was stripped off from it and floated on the precursor by the 

buoyancy force (Fig. S11a). The floating template was picked up 

by the sensing platform which consists of Au interdigitated 

electrodes (electrode width: 200 μm; separation: 200 μm) 

deposited on an alumina substrate (8 × 10 mm2) (Fig. S11b). 

After drying at room temperature overnight, GO/tin chloride 

based thin films with ordered PS arrays were formed (Fig. S11c). 

Finally, rGO/SnO2 ordered porous films were obtained after 

annealing at 120°C for 3 h in ambient laboratory air (Fig. S11d). 

The obtained sensors are hereafter denoted as rGO/SnO2/PS.  

    To compare the sensors to those made from their individual 

components, SnO2 and rGO ordered porous films were also 

prepared by employing pure tin chloride and graphene oxide 

solutions as the precursors, respectively. The obtained samples 

are hereafter denoted as SnO2/PS and rGO/PS, respectively. 

Polystyrene thin films were also prepared by employing only 

deionized (DI) water as the solvent. The obtained sample is 

hereafter denoted as PS. To demonstrate the benefits of the 

ordered porous structure, rGO/SnO2 thin films were also 

prepared without using the PSMCC template for comparison. 

The obtained sample is hereafter denoted as rGO/SnO2. Two 

conductive Pt wires were connected to the Au electrodes with 

silver epoxy for further gas-sensing measurement. 

Characterizations 

    The crystal structure of the samples was investigated by 

powder X-ray diffraction (PXRD, Cu Kα radiation, λ = 1.54 Å, 40 

kV, 40 mA). The morphologies of the samples were acquired 

using field-emission scanning electron microscopy (FESEM, 

Hitachi S-5000). A thin Au/Pd layer was sputter deposited on the 

samples to improve the electrical conductivity to the material 

prior to SEM imaging. The chemical status of the samples was 

evaluated by Raman spectroscopy (Horiba LabRAM confocal 

Raman spectrometer) with an excitation laser of 632.8 nm and 

Fourier transform infrared (FTIR) spectroscopy (VERTEX 80, 

Bruker) in the range of 4000-400 cm-1. The thermal stability was 

studied using thermogravimetric analysis (TGA, TA Instrument 

SDT 650) with a ramping rate of 20 °C/min in air. 

Gas sensing measurements 

    The gas sensing manifold was detailed in our previous report.8 

The prepared interdigitated Au electrode-based sensors 

(Weisheng Electronics Co. Ltd., China) were placed on a circular 

miniature heater with a diameter of 5 mm in a homemade 

stainless-steel test chamber of ~ 13 mL control volume. Two-

Fig. 10 Schematic diagram of humidity sensing mechanism. 
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point probe resistance of the sensor was measured using a 

Keithley 2602 controlled by a Java-based program, Zephyr. The 

gas flow rates were controlled by mass flow controllers (MFC, 

Bronkhorst) controlled by a LabView program, with a total flow 

rate kept at 300 sccm. The target gas was diluted with pre-dried 

house air to reach a specific concentration and then delivered 

to the test chamber. To probe the sensor recovery, the flow of 

the gas was shut off so that the sensors were exposed to air 

again. Humidity concentration was controlled by varying the 

flow rate of air through a bubbler containing water at room 

temperature (22±2°C). The tested interfering gases included 

ethanol (Airgas, 978 ppm in N2), CO2 (Airgas, 5.038% in N2), and 

CH4 (Airgas, 5% in N2). The sensor response was defined as 

Ra/Rg, where Ra and Rg were the sensor resistances in dry air and 

humidified air, respectively. The response (recovery) time was 

defined as the time that the resistance variation reached 90% 

of the total value after introduction (or removal) of the analyte 

gas. Exhaled breath and index finger were controlled carefully 

as humidity source for qualitative measurements. The distance 

between the finger and sensor was maintained as well as 

possible to be around 2 mm. 

    Long-term stability evaluation was carried out by comparing 

our rGO/SnO2/PS humidity sensor with a commercial humidity 

sensor (BME280, Bosch Sensortec) connected to a Raspberry Pi 

platform controlled by a Python-based program in an indoor 

space (Fig. S12, ESI†).  
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