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ABSTRACT: Developing humidity sensing materials with fast response and high sensitivity was 

of great interest for many applications from industrial field to human healthcare. Here, we report 

a carbon nitride nanoribbons (CNNRs)-based humidity sensor. Thanks to the delicate humidity-

responsive anisotropic deformation and well-balanced hydrophilic surfaces/hydrophobic 

framework with rapid adsorption/desorption of water molecules by CNNRs, this humidity sensor 

possessed an ultrafast response of ca. 50 ms, high reproducibility and selectivity, and linearity in 

an almost full humidity range. As an example, this sensor was successfully applied to real-time 

breathing detection, and the as-obtained breathing graphic waveforms exhibited a higher 

sensitivity than that by the traditional clinic measurements. This work would pave a new way for 

ultrafast and sensitive humidity sensing by using anisotropic deformation of CNNRs and introduce 

a new application scheme of humidity sensors in more user-friendly respiratory monitoring with 

higher resolution. 
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Humidity sensor plays a significant role from industrial field to human healthcare, since water 

molecules are ubiquitous and engaged in many processes.1-4 Thus, development of humidity 

transduction pathway with fast response and high sensitivity has drawn much attention.5-8 For this, 

substantial efforts have been devoted to explore various water sensitive materials such as metal 

oxide,9, 10 carbon materials,7, 8, 11 and polymers,12-14 which can convert humidity to different 

physical or chemical signals. Among them, the swelling induced signal transduction has been 

regarded as an important way for humidity sensing by using hydrophilic polymers (e.g. polyvinyl 

alcohol and polyacrylic acid)14, 15 and two-dimensional materials (e.g. H3Sb3P2O14 and Li2Sn2S5),16, 

17 due to simple preparation, excellent nature and low cost. However, such transduction generally 

needs water molecules penetrate the whole humidity sensitive material, unfortunately leading to a 

slow response and recovery. Decreasing of the thickness can accelerate the water adsorption and 

desorption,7, 8 but for swelling-based sensing, it would simultaneously weaken the deformation 

extent, making sensitivity low. 

Notably, in nature a non-uniform structure often has a larger anisotropic deformation upon 

atmosphere fluctuation.18 For example, bean pods show an evident hydration-triggered twist in 

seed dispersal because of its gradient structure (Figure S1). By following the same principle,19-21 

developing of anisotropic nanostructures would be promising to get out such dilemma in swelling-

based humidity sensing. Recently, covalent-bonded polymeric carbon nitride (CN, also often 

denoted as g-C3N4) has drawn much attention for wide applications from photocatalysis to 

optoelectronic (bio)sensing.22-26 It possesses unique triangle heptazine-based units and 2D stacked 

structure, whose anisotropic arrangement along the intraplanar and interplanar directions is similar 

to that of bean pods. In addition, CN has tailorable nanostructures and its edge and basal plane 

have an opposing surface hydrophilicity, both of which are favorable for rapid 
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adsorption/desorption of water molecules.27-29 These features render CN highly appealing for fast 

and sensitive humidity sensing, but to our knowledge, few related studies have been explored. 

Here, we report a CN nanoribbons (CNNRs)-based humidity sensor via anisotropic deformations 

(Figure 1a). The few layers characteristics and well-balanced affinity for water molecules between 

hydrophilic edge and hydrophobic framework of CNNRs made the anisotropic deformation rapid 

and reversible. After coupling to carbon nanotubes via a strong - interaction into a network, 

such delicate deformation could be converted into an easy-measurable resistance change. The 

CNNRs-based humidity sensor exhibited an ultrafast response of ca. 50 ms, high reproducibility 

and selectivity, and linearity almost in the full humidity range. As an example, it was successfully 

applied to real-time respiratory monitoring with a higher sensitivity even under a simpler setup, 

compared to traditional clinic pulmonary function testing. 

RESULTS AND DISCUSSION 

Because the ultrathin sensitive layer is supposed to be favor of rapid sensing of humidity, bulk CN 

(see synthesis processes in Figure S2)30 was chemically tailored into nanoribbons under alkaline 

condition according to our previous work.27 Distinct to bulk CN that mostly consisted of particles 

with several micrometers in size (Figure 1b), CNNRs had a uniform width of tens of nanometers 

and length of several micrometers, as shown by the TEM image in Figure 1c. The FT-IR spectra 

and elemental analysis (Figure S3) showed that hydrophilic hydroxyl/amino groups were 

decorated on the edge, meanwhile the relative hydrophobic heptazine skeleton was retained. 

Similar to dry bean pods, interestingly the CNNRs had a twisted structure (Figure 1d), which was 

further confirmed by AFM image. Some periodic fluctuations in the height of the CNNRs (Figure 

1e) were observed, for instance, the line profiles of axial periodicity of a single CNNR, indicated 
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by arrows 1 in Figure 1e, was depicted in Figure 1f. Similarly, the in-situ phase image in Figure 

S4 also displays alternating stripes of light and dark along the single nanoribbon, indicative of a 

typical twisted structure. The average thickness of CNNRs was measured to be 3.26 ± 0.30 nm 

according to the height profile of the AFM image (Figure 1g), which corresponds to a few layers 

of CN. Therefore, twisted CN nanoribbons with a relative hydrophobic framework and hydrophilic 

edge surface were successfully prepared. 

 

Figure 1. (a) Illustration for deformation of twisted CNNRs and supposed molecular structure 

of CNNRs. (b) Typical SEM image of bulk CN and (c) TEM image of CNNR. (d) Enlarged TEM 

image and simulated structure. (e) AFM height image of CNNRs and (f) the line profile of axial 

periodicity of a single CNNR indicated by arrows 1 in (e). (g) Height distribution of CNNRs. 
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To demonstrate the deformation of twisted CNNRs upon adsorption/desorption of water molecules, 

the AFM measurements were carried out at different humidities. The AFM images and the height 

profiles in Figure 2a-c show that the height of a single CNNR decreased from 3.4 nm to 1.5 nm, 

and the width of CNNR increased from 62.0 nm to 101.8 nm, namely the height decreased 

approximately by approximately half, while the width of CNNR nearly doubled, when the 

environmental relative humidity (RH) increased from 40% to 70%. According to the loss of 

periodic fluctuation in height (Figure 2d, e), such significant anisotropic swelling could be ascribed 

to the uncoiling effect via the release of residual stress after absorbing water molecules,31, 32 

reminiscent of the polymeric nature of carbon nitride that has been rarely explored so far. An 

evident step in height was also observed for the crossed CNNR in Figure 2e, indicating the softness 

of rigid CNNR in high humidity. The change in the Young’s modulus of CNNRs with different 

humidity further provided quantitative evidence, which was explored by quantitative 

nanomechanical mapping.33, 34 As shown in Figure 2f, the modulus of CNNRs decreased from 

1578 MPa to 48.4 MPa when the humidity increased from 40% to 70%. The adhesion force 

between the AFM tip and a single CNNR also indicated intrinsic hygroscopicity. As shown in 

Figure 2g and S5, the maximum adhesion force of CNNR was up to approximately 20.30 nN when 

the humidity was 70%, while that at the same position was only 8.53 nN when the humidity 

decreased to 40%. Statistical data for the CNNR (Figure 2h) further confirmed this general trend. 

It was supposed that the AFM probe was identical in different humidities and had relatively good 

hydrophilicity, but the Van der Waals interaction between the AFM tip and the sample would be 

enlarged when the CNNRs absorbed water in high humidity. As control, the adhesion force of the 

mica surface with good hydrophilicity was maintained almost the same (ca. 20.8 nN) in a humidity 

of either 40% or 70%. Therefore, the CNNRs were sensitive to humidity, efficiently absorbed 
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water molecules, and underwent an evident inherent deformation with increasing humidity, 

making them very promising for humidity sensor construction. 

 

Figure 2. AFM height images of CNNRs in 40% RH (a) and 70% RH (b). Insets: scheme of coiled 

and uncoiled CNNR. Line profiles of single CNNR indicated by arrows 1 (c), 2 (d) and 3 (e) in (a) 

and (b). Young’s modulus (f), representative adhesion force curve (g) and adhesion line profiles 

of CNNR (h) indicated by arrow 4 in Figure S5 at different relative humidities of 40% and 70%. 

XRD patterns of (i) bulk CN and (j) CNNRs before and after humidification, the dashed lines show 

the (002) diffraction peaks. 

To further understanding the interactions between carbon nitride and water molecules, capillary 

XRD were firstly studied (Figure 2i and j). The interlayer (002) diffraction peak of bulk CN and 

CNNRs after absorbing water molecules were both found to slightly shift to lower angle, indicative 

of expended interlayer distance, but the latter was more evident. It suggested that after tailoring, 

the absorbing interaction between carbon nitride and water was strengthened and leading to larger 

swelling, presumably ascribing to the higher density of exposed edges along with more –NHx and 

–OH terminals of CNNRs (Figure S3). The hygroscopicity properties of CNNRs was further 
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studied by contact angle measurement. In general, the NHx terminals at edges made pristine bulk 

CN hydrophilic (Figure S6a), but pristine bulk CN demonstrated poor water absorbability, which 

was supposed to lack of sufficient hydrophilic groups and mostly consist of micro-sized particles. 

After chemical tailoring, due to the wetted contact by the nanorough surface, a slight increase in 

the initial contact angle of CNNRs was observed (Figure S6a). Nevertheless, as shown in Figure 

S6b, the CNNRs exhibited complete absorbing of water droplet in less than 4 s, much faster than 

the bulk CN (at least more than 30 s), indicating that water absorbability was essentially improved. 

Moreover, it should be noted that the nanoribbon structure also led to a much higher slit-type 

porosity (194.7 m2/g) than pristine bulk one (8.6 m2/g, Figure S7). It would be helpful for an 

efficient transport of water molecules to adsorption sites (–NHx and –OH terminals/defects) 

throughout the whole CN network and quickly reaching an equilibrium, and vice versa for the 

desorption processes. 

In general, electrical signals are widely used in sensing systems because they can be easily 

recorded and processed in integrated circuits for application in most electronic devices. Because 

the conductivity of CN and its derivatives is poor (Figure S8), carbon nanotubes (CNTs) were 

selected as a reinforcement agent for CNNRs. Although they sense humidity poorly when used 

alone, CNTs were supposed to boost signal readout, improve water mass transfer and optimize the 

sensing interface in devices due to their high conductivity, nanostructure (approximately 20 nm in 

diameter and micrometers in length, Figure S9a, b) and high surface area (144.3 m2/g, Figure S7). 

Moreover, due to the similarity in conjugated framework, CNTs were ready to be coupled with 

CNNRs by effective non-covalent - interaction (Figure S9c, S9d, and S10). As shown, CNTs 

could be well dispersed in water by cooperation with the hydrophilic CNNRs by a facile one-step 

ultrasonic agitation process (Figure S11). Because pristine CNTs were difficult to disperse in 
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aqueous solution and water is envisioned as the most environmentally friendly solvent for handling, 

the successful synthesis of homogeneous CNNRs-CNTs in aqueous solution was highly expected 

for device fabrication and maximization of the unique properties of CNNRs in humidity sensing. 

 

Figure 3. (a)Scheme of CNNRs-CNTs deformation by the absorption/desorption of water 

molecules. (b) Current-voltage (I-V) curves of CNNRs-CNTs in different relative humidity 

atmospheres. (c) Relative resistance of CNNRs-CNTs in relative humidity ranging from 5-97%. 

(d) Response and recovery time under a pulsed flow of humid air. (e) Time-resolved dynamic tests 

of the sensing signal under different humidities changing between 5% RH to 55% RH for 

reproducibility test. (f) The normalized current response of the CNNRs-CNTs sensor (inset: I-t 

curves) in different gases and solvent vapors showing high selectivity. 

 

Because CNNRs deformed in the presence of water vapor, we envisioned that the interconnection 

of CNTs in the as-prepared CNNRs-CNTs network would be influenced and subsequently, 
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conductivity would be altered (Figure 3a). Based on this principle, to investigate sensing 

performance, the CNNRs-CNTs were deposited on an interdigital Au electrode for conductivity 

measurements via a two-electrode system (see more details in SI). Current-voltage (I-V) curves 

(Figure 3b) were first measured under different relative humidity atmospheres. The linear I-V 

curves passed though the coordinate origin, in accordance with Ohm’s Law and the typical 

conductor behavior of CNNRs-CNTs. With a gradual increase in the relative humidity, the 

decreasing of the slope of the I-V curves were observed. It was supposed that upon high humidity 

the anisotropic deformation of CNNRs occurred, the CNTs were more covered by the low 

conductive CNNRs, and the interconnection among CNTs would decrease, thus increasing the 

resistance of the composite (Figure 3a). The sensing signals showed high linearity in a wide range 

of humidity (Figure 3c), which shows the attractive possibility for realistic humidity sensing. To 

eliminate the influence of contact resistance between the CNNRs-CNTs network and the substrate, 

a Pt interdigital electrode was used as a control. Compared with those on the Au electrode, the 

CNNRs-CNTs on the Pt electrode performed similarly over the entire humidity range (Figure 3c), 

indicating that the conductivity change originated exclusively from the CNNRs-CNTs rather than 

from the interface between the CNNRs-CNTs and the metal electrodes. 

The development of a humidity sensor with a fast response is highly demanded for real-time 

respiratory monitoring. The response time in this study is defined as the time for the output signal 

to reach 90% of the final amplitude.35 The proposed humidity sensor exhibited a response time as 

low as approximately 50 ms (see the high current to low current, according to the low to high 

humidity in Figure 3d inset) when humid air was pulsed through dry air. Such a superfast response 

time was competitive with that of the state-of-the-art humidity sensor (Table S1) .5-13, 35-41 

Nevertheless, it should be noted that the exact value of response time here does not fully stand for 
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the real sensing speed in respiratory monitoring, partially because different evaluation methods 

were used in previous studies. As discussed in the following context, to our knowledge, the 

resolution of breathing graphic waveforms measured by our CNNRs-CNTs sensor was only 

challenged by graphene oxide-based system.7 The complete recovery time (Figure 3d) reached 1 

s, which was supposed to be longer than the real recover time, as the humid air pulse passing 

through the sensor in the testing pipeline also took a certain of time (see SI for more details). The 

fast response and recovery times for the CNNRs-CNTs sensor could be ascribed to the following 

factors: (1) its rapid absorption of water by the nanoribbon structure, (2) the balanced affinity for 

water molecules from the unique molecular structure of CN, i.e., the opposing hydrophilicity 

between tri-s-triazine-based 2D framework and –NHx with –OH terminals/defects in CN (Figure 

1a), and (3) the fast mass transfer due to the highly porous structure of CNNRs-CNTs network 

(Figure S7). The repeatability of the sensor was further tested by changing the ambient humidity 

between 5% RH and 55% RH. As shown in Figure 3e, the CNNRs-CNTs sensor demonstrated 

good reproducibility with fluctuating ambient humidity. Therefore, the CNNRs-based humidity 

sensor had both ultrafast response time and high reproducibility. 

Many gases and small organic molecules commonly coexist with water vapor and may 

significantly interfere with the sensing processes. Interestingly, as shown in Figure 3f, the current 

did not substantially change after the CNNRs-CNTs sensor was exposed to gases and solvent 

vapors, such as diethylether, acetone, O2, N2, Ar, and CO2. Moreover, even in the presence of 

methanol and ethanol, which would form hydrogen bonding with the surface functional groups on 

CNNRs, only a negligible change in current was observed. This phenomenon may also be ascribed 

to the small amount of dissolved water in these protic solvents, as water is difficult to remove 

completely and can easily be enriched from air. In this regard, the CNNRs-CNTs exhibited 
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excellent overall performance for humidity sensing, i.e., fast response, high 

reversibility/reproducibility/selectivity/sensitivity, good linearity in almost full humidity range 

and low cost. 

The fast response of the CNNRs-CNTs would enable many applications that require rapid 

switching in different humidity environments, such as respiratory monitoring (Figure 4a). As 

shown in Figure 4b, deep and shallow breathing could be easily distinguished by the current-time 

plot of CNNRs-CNTs sensor. Based on the principle of our methods, a deliberate breath could be 

recorded using graphic waveforms. As an illustration, a popular Chinese ballad, "ChengDu", was 

sung by a volunteer three times. The very similar curves with detailed characteristic peaks were 

obtained (Figure 4c, Movie S1), indicating the feasibility of real-time monitoring of complex 

breathing processes by the proposed humidity sensor. 

In contrast to the above active breathing that is controlled by our brain, eupnea breathing is 

passively governed by the respiratory centers that receive feedback from the peripheral and central 

chemoreceptors, and changes under internal and external environments to adapt to requirements 

for the body metabolism. Thus, the rate, depth and other detailed parameters of eupnea breathing 

processes are very useful for diagnosing many respiration diseases.42, 43 Currently, breathing 

processes are generally examined using pulmonary function testing stations by means of multiple 

signals, including nasal/mouth airflow, pressure and volume. Although noninvasive, the sensor 

needed for these measurements is often in close contact with the body, making patients, especially 

children, feel anxious and uncomfortable. For example, to obtain precise nasal air flow/pressure, 

a nasal mask, full-face mask, or cannula is commonly utilized to avoid gas leakage. In this sense, 

CNNRs-CNTs humidity sensors with ultrafast response as well as excellent selectivity and high 
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sensitivity can potentially address this problem because water vapor is one of the main constituents 

of exhaled air and could be measured in an open atmosphere. 

 

Figure 4. (a) Scheme of breath management using the proposed contactless CNNRs-CNTs 

humidity sensor in open environment. (b) Current-time plots of human breath for distinguishing 

deliberate deep breath and shallow breath. (c) Nearly identical breathing graphic waveforms during 

the recording of the popular Chinese ballad "ChengDu" sung by a volunteer three times (i-iii). (d) 

Graphic waveforms of breathing in one minute from four selected volunteers (Vol. 1-3: thoracic 

breathing; Vol. 4: diaphragmatic breathing) detected by the CNNRs-CNTs humidity sensor, 

showing respiration rate, depth, duration and ratio of ex-/inhalation, maximum airflow rate, 

stability, and other periodic breathing characteristics (personal features indicated by ▲ in different 

color sets and general features indicated by ◆). 
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The performance of the CNNRs-CNTs humidity sensor for contactless noninvasive breath 

monitoring was examined in real time using the exhaled air from twelve volunteers. From the 

breathing graphic waveforms, the respiration process of different participants was revealed online 

in real time (Figure 4d and S12). Fundamental information, such as respiration rate and depth, 

which represent the basic data of individual physiological indicators, could be easily collected in 

pace with the fluctuation of exhaled moisture (Table S2). It should be noted that different to 

humidity sensors in previous pioneering works that mostly revealed respiration rate and depth 

only,7, 35, 37, 44 the CNNRs-CNTs humidity sensor revealed the most comprehensive respiration 

mechanisms so far to the best of our knowledge, such as duration and ratio of ex-/inhalation 

(light/dark rectangle highlight), maximum airflow rate (dashed tangent line), and stability 

(duration of exhalation with constant airflow rate) due to its ultrafast responsivity and high 

sensitivity (Figure 4d). For instance, the curve for abdominal breathing (Figure 4d, Vol. 4) showed 

a slower respiration rate and longer ex-/inhalation ratio than that for thoracic breathing (Figure 4d, 

Vol. 1-3). Moreover, other periodic peaks, assigned to personal breathing characteristics as air was 

moved into and out of the lungs, were observed for the first times (see the peaks marked by ▲ of 

different color sets in Figure 4d), suggesting the superior capability of the CNNRs-CNTs to 

distinguish different types of breathing in the participants. Besides, apart from the individual 

characteristics, some general features appeared of high probability was also observed in the 

breathing these volunteers (indicated by ◆ as an example), which may cause by the same muscle 

movement at the end of exhalation process. 
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Notably, the sensitivity of the proposed humidity-based CNNRs-CNTs was competitive with or 

even superior to that of the clinic pulmonary function testing station, as shown by the breathing 

graphic waveforms based on the traditional air volume measurement (Figure S13). Such graphic 

waveforms with periodic signals were also reminiscent of the electrocardiogram, suggesting that 

the as-obtained high-resolution automatic breathing profile may be used as a new diagnostic 

method for breathing-related diseases with personalized configurations. Different from other 

respiration-monitoring sensors based on the traditional airflow and pressure measurements, this 

fast-response CNNRs-CNTs humidity sensor that identifies breathing among individuals would 

be promising for initiating new applications of humidity sensing in more user-friendly medical 

equipment and the development of new theories for respiratory mechanisms. For this purpose, 

further studies are needed to disclose the comprehensive correlation between the breathing 

humidity-based graphic waveforms and the physical respiration kinetics for clinic disease 

diagnosis. 

 

CONCLUSIONS 

In summary, we report a CNNRs-based humidity sensor with ultrafast response, high reversibility, 

selectivity, and sensitivity and good linearity in an almost full range of humidity. It was revealed 

that the delicate humidity-responsive anisotropic deformation and well-balanced affinity for water 

molecules by CNNRs played the primary roles. As an example, such high-performance humidity 

sensor was successfully applied to real-time respiratory monitoring in a contactless and open-

environment mode, distinct to the sealed manner in traditional clinic airflow and pressure-based 

measurements, but exhibiting even higher sensitivity. This work provides a new method for 
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ultrafast and sensitive humidity sensing by using anisotropic deformation of CNNRs and also 

sheds light on humidity sensing for more user-friendly respiratory monitoring with higher 

resolution. 

 

MATERIALS AND METHODS 

Chemicals and materials. Dicyandiamide (DCDA, 99%) was purchased from Sigma-Aldrich, 

U.S.A. Sodium hydroxide (NaOH, 96+%) was obtained from Sinopharm Chemical Reagent Co., 

Ltd., China. Multi-walled carbon nanotubes (CNTs, product number: S-MWNT-1020) was 

purchased from Shenzhen Nanotech Port Co., Ltd., China. The interdigitated Au and Pt electrodes 

(product number: ED-IDE3-Au and ED-IDE3-Pt) were obtained from Micrux Technologies, Spain. 

Ultrapure water (18.2 MΩ cm), obtained from a Smart2Pure 3 purification system (Thermo, 

U.S.A.), was used in all experiments. 

Preparation of CN nanoribbons (CNNRs) and CNNRs-CNTs. CNNRs were prepared 

according to our previous report. Briefly, the bulk CN was firstly prepared by thermal 

condensation of DCDA at 550 °C and grinding into fine powders by agate mortar before use. Then, 

the CN powder (500 mg) was added into NaOH solution (3 M, 20 mL), and the mixture was stirred 

at 60 °C for 12 h and treated under ultrasonication for 1 h every 4 h. After that, the CNNRs were 

obtained by removing excessive NaOH via dialysis in a membrane of molecular weight cutoff of 

3500 Da (D306-50, Biodesign Inc., U.S.A.) against water until neutral. The CNNRs-CNTs was 

synthesized by adding CNTs powder (1 mg) to 0.5 mL CNNRs dispersion (8.9 mg/mL), and then 

the volume of the dispersion was adjusted to be the same (1 mL) using water. The mixtures were 

ultrasonicated for 15 minutes to obtain the homogeneous CNNRs-CNTs dispersion.  
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Characterization. Scanning electron microscope (SEM) images were collected on a Zeiss Ultra 

Plus scanning electron microscopy (Germany). Transmission electron microscope (TEM) images 

were obtained on a JEM-2100 microscopy (JEOL, Japan). Raman spectra were measured with a 

DXR-laser micro Raman spectrophotometer (Ex=532 nm, Thermo, USA). Elemental analysis (EA) 

was carried out on a Vario EL Cube analyzer (Elementar, Germany). The XRD patterns were 

recorded on SmartLab and Ultima IV diffractometers (Rigaku, Japan) in sealed capillaries. The 

Brunauer–Emmett–Teller (BET) surface area was calculated from 77 K N2 adsorption-desorption 

isotherms acquired on Nova 1000e instrument (Quantachrome, USA). All electric measurements 

were carried on a potentiostat (Gamry Reference 600, USA). 

Atomic force microscopy (AFM) measurements. CNNRs solution (10 L) were deposited onto 

the freshly cleaved mica surface and air-dried for 10 min, then the residues were removed. The 

sample was dried before measurement. The experiments were performed under the ambient 

conditions (Multimode SPM and Nanoscope V controller, Veeco Instruments). The cantilever 

(ultra-sharp silicon probe, OMCL-AC160TS-R3, Olympus) had a spring constant of 26 N m-1. For 

nanoscale material property mapping, the cantilever was calibrated by ramp and thermal tuning 

beforehand. We imaged samples in Veeco 8 quantitative nanomechanical mapping mode AFM 

under ambient conditions, which is named peakforce QNM mode with precise force control. Peak-

force tapping mode oscillates, but far below the cantilever resonant frequency, the vertical motion 

of the cantilever using the (main) Z piezo element and relies on peak force for feedback. Peak 

interaction force and nanoscale material properties were collected for each individual tap. AFM 

images were performed in tapping mode or peak-force tapping mode at a scan frequency of 1 Hz 

with optimized feedback parameters and 512×512-pixel resolution. The air humidity of 40% and 

70% used for the hygroscopic properties test of CNNRs was controlled by Parkoo dehumidifier 
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(NO. YDA-870EB, China). The AFM images were collected from up to down at 8 random places 

and analyzed with NanoScope Analysis software (V1.7) and/or Gwyddion software (V2.51). 

Fabrication of CNNRs-CNTs sensor and humidity sensing measurement. Briefly, 5 L of 

CNNRs-CNTs dispersion (CNNRs: 0.89 mg/mL, CNTs: 0.2 mg/mL) was deposited on clean Au 

or Pt interdigitated electrode by drop-casting and naturally drying to obtain CNNRs-CNTs 

humidity sensor. The static humidity sensing measurement was carried out in a homemade sealed 

container (25 cm×18 cm×15 cm). To simulate an environment of different humidity, 200 L of 

water was dropped on a 5 cm × 5 cm cellulose paper in the container. An electric fan was used to 

force air convection and accelerate volatilization of water to form a moist atmosphere. High purity 

dry air (99.999%, 79% N2 and 21% O2) was used to replace part of the moist air in the container 

to obtain different humidity. The real-time humidity of the atmosphere was detected by a 

commercial humidometer (Benetech, China). The I-V plots were performed on the potentiostat. 

For response-/recovery-time measurement, the CNNRs-CNTs sensor was placed in a silicone 

pipeline of 8 mm diameter, with a dry air flow passing through (0.1 MPa). To form a humid air 

pulse, 1 mL of 100% RH air was injected into the up-pipeline (ca. 5 cm) by a syringe. The CNNRs-

CNTs sensor responded to the humidity and the signal changed was recorded by the potentiostat. 

For respiratory monitoring, the CNNRs-CNTs sensor was placed in front of mouths or noses (ca. 

5~7 cm away) of volunteers in a non-contact and open environment manner (Movie S1). The 

CNNRs-CNTs sensor responded to the breathing and the signal changed was recorded by the 

potentiostat. 
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