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A B S T R A C T

Environmental stability and mechanical flexibility are essential for practical humidity sensors, yet conventional 
electrode substrates often fail to simultaneously meet the demands of high conductivity, chemical resistance, 
flexibility, and scalable fabrication. Herein, we report a hundred-meter-scale production of macroscopic gra
phene film (GF) via sequential high-temperature annealing and roll pressing, enabling its direct use as high- 
performance electrode substrates. Through laser patterning, GF is transformed into interdigital electrodes (GF- 
IDEs) with ultrahigh conductivity (1.1 × 106 S m− 1), exceptional flexibility, and outstanding resistance to acid, 
alkali, and salt spray corrosion. By integrating a conformal ~150 nm graphene oxide (GO) layer, we construct an 
all‑carbon humidity sensor featuring high sensitivity, rapid response/recovery, and superior performance 
compared to state-of-the-art GO-based sensors using traditional electrode substrates. Notably, the device retains 
over 99 % of its performance after 500 bending cycles or 48 h of salt spray exposure. This robust sensor enables 
real-time monitoring of human respiration, contactless human-machine interaction, and dynamic plant tran
spiration, demonstrating its broad potential for wearable and environmental sensing applications.

1. Introduction

Humidity sensors are integral to emerging technologies such as the 
Internet of Things, smart electronics, environmental monitoring, and 
modern agriculture [1–4]. To meet the demands of these diverse sce
narios, sensors must offer not only high sensitivity but also excellent 
environmental stability and mechanical flexibility [5,6]. Electro
chemical humidity sensors, composed of humidity-sensitive receptors 
and electrode substrates as transducers, offer key advantages in detec
tion range, signal processing, and cost-effectiveness [7]. While extensive 
efforts have focused on optimizing humidity-sensitive materials to 
improve sensitivity, practical applicability is increasingly limited by 
inadequate environmental adaptability—primarily dictated by the sub
strate material [8,9]. Conventional substrates, including metal 

electrodes and silver nanowire/polymer composites [10,11], often suf
fer from high cost, limited flexibility, poor corrosion resistance, and 
complex processing, collectively restricting sensor reliability and scal
ability [12–14]. Despite its critical role, the design and exploration of 
novel substrate materials remain insufficient, significantly hindering the 
rational development of next-generation humidity sensors.

To address these limitations, the selection of electrode substrates 
with high conductivity, mechanical flexibility, chemical stability, and 
environmental resilience is essential. Graphene, featuring a unique 
single-layer sp2 hybrid carbon atom honeycomb lattice structure 
[15–19], exhibits exceptional structural stability and resistance to 
chemical corrosion, withstanding harsh conditions such as strong acids, 
alkalis, and high salt spray environments [20–24]. Moreover, graphene 
exhibits favorable biocompatibility [25,26], making it an attractive 
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candidate for constructing high-performance humidity sensor elec
trodes. However, graphene is currently predominantly utilized in the 
powder state [27–29]. Its macroscopic applications face substantial 
challenges due to the difficulties in achieving homogeneous and stable 
dispersion, alongside the formidable complexity of controlling flake 
orientation [30]. These limitations severely impede its widespread 
adoption in transducers. Laser-induced graphene (LIG) is a representa
tive graphene material and has been widely used in humidity sensors 
[31–33]. However, their conductivity (approximately 1253 S m− 1) [34] 
falls significantly below that of conventional metal electrodes (>106 S 
m− 1), leading to decreased signal transmission efficiency. Furthermore, 
the high-energy laser irradiation used in LIG processing often induces 
non-equilibrium carbon atom rearrangement, generating topological 
defects and amorphous domains [35]. These structural disruptions 
impair the integrity of the ideal graphene lattice, diminishing mechan
ical strength and interlayer cohesion. As a result, the flexibility and long- 
term reliability of LIG electrodes are severely compromised. Chemical 
vapor deposition method is currently a common approach for producing 
high-quality graphene films. However, its high cost and challenges in 
large-scale fabrication significantly limit the macroscale production of 
graphene films. Therefore, the development of graphene-based elec
trode substrates with enhanced conductivity, structural integrity, me
chanical durability, and environmental resilience is urgently needed to 
meet the performance demands of next-generation humidity sensors. 
Interestingly, the high-temperature annealing process can rearrange 
carbon atoms within graphene, forming a highly ordered sp2 hybridized 
carbon crystal structure. This notably enhances electrical conductivity 
and structural integrity, making large-scale production of high- 
performance graphene electrodes possible. Table S1 compares the sig
nificant advantages of GF over other graphene materials in terms of 
scalability, conductivity, and mechanical durability.

Herein, we report the scalable fabrication of macroscopic graphene 
film (GF) at the hundred-meter scale from graphene oxide (GO) slurry 
via sequential thermal annealing and subsequent roller pressing. 
Leveraging this high-quality GF, laser patterning was employed to 
fabricate GF-based interdigitated electrodes (GF-IDEs) as transducers for 
large-scale production. The resulting GF-IDEs exhibit excellent cost- 
effectiveness, ultrahigh conductivity (1.1 × 106 S m− 1), outstanding 
flexibility, and superior chemical stability under acid, alkali, and salt 
spray corrosion conditions (Fig. 1). Based on these GF-IDEs, an elec
trochemical impedance-type humidity sensor (GF-GO) was constructed 
using GO as the humidity-sensitive layer. The sensor demonstrates 
exceptional performance, featuring high sensitivity and rapid response/ 
recovery times, outperforming state-of-the-art GO-based humidity sen
sors with conventional electrode substrates. More importantly, the 
sensor maintains over 99 % of its performance after 500 bending cycles 
and 48 h of salt spray exposure, highlighting its environmental resilience 
and mechanical durability. Leveraging these attributes, GF-GO has been 
effectively applied in diverse scenarios such as human respiratory 
monitoring, non-contact sensing, and plant growth monitoring. This 

work underscores the potential of GF as a next-generation substrate, 
overcoming the limitations of conventional materials in environmental 
stability and mechanical flexibility.

2. Experimental section

2.1. Materials

GO used in this work was obtained from Sanya Hanxi Graphene 
Institute Technology Co., Ltd. Chemical reagents including LiCl, 
CH3COOK, MgCl2, K2CO3, NaBr, NaCl, KCl, KNO3, and K2SO4 were 
purchased from Macklin.

2.2. Fabrication of macroscopic graphene films

GF were prepared from GO via thermal reduction. First, GO was 
dispersed in deionized water to form a 4 wt% suspension. This GO 
suspension was then converted into a GO colloid through mechanical 
stirring, followed by coating to form a GO film. Under an argon atmo
sphere, the GO film was gradually heated to 1300 ◦C and held for 2 h, 
yielding an amorphous carbon film. Subsequently, the carbonized 
structure was annealed at 2850 ◦C for 1 h in argon to form a fully sp2- 
hybridized graphitic structure. Finally, the sample was roll-pressed at 
200 MPa to obtain a dense graphene film.

2.3. Fabrication of GF-GO humidity sensor

The GF was patterned using a laser scribing micromachining system 
controlled by a computer-guided laser engraver (ProtoLaser U4, LPKF 
Laser & Electronics AG, Slovenia). The patterning parameters were set as 
follows: power supply frequency of 100 kHz, laser power of 1.85 W, 
structuring speed of 100 mm/s, focus compensation of 0.05 mm, and 5 
repetitions. The IDE dimensions were designed with a width of 6.0 mm, 
length of 11.25 mm, five electrode pairs, finger length of 5 mm, finger 
width of 500 μm, and electrode spacing of 250 μm. A 50 μL aliquot of 
0.02 wt% GO solution was drop-casted onto the GF-IDEs, followed by 
drying at 50 ◦C for 12 h to form a uniform GO film.

3. Material characterization of humidity sensor

HRTEM samples were prepared by ion milling at − 80 ◦C to a 
thickness of less than 100 nm. HRTEM images were acquired using a 
JEOL-F200 instrument. Scanning electron microscope (SEM) imaging 
was conducted on a Zeiss Crossbeam 350 dual-beam microscope. X-ray 
photoelectron spectroscopy (XPS) analyses employed an Al mono
chromatic X-ray source (25.0 W, 100.0 μm spot size). Charge neutralizer 
settings were 0.3 V and 5.0 μA, with analyses performed in FAT mode. 
High-resolution C 1 s and O 1 s spectra were acquired under identical 
parameters (pass energy: 112 eV, step size: 0.1 eV). Charge correction 
referenced the C 1 s peak to 284.8 eV. Fourier transform infrared (FTIR) 

Fig. 1. Various outstanding characteristics of GF as an electrode substrate for humidity sensors.
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spectroscopy was recorded in ATR mode using a Nicolet 60-SXB IR 
spectrometer. Static contact angles were measured via the sessile drop 
method (KRÜSS Scientific DSA30B); images were captured upon stabi
lization of deionized water droplets, and angles were automatically 
fitted using dedicated software. X-ray diffraction (XRD) patterns were 
obtained on a Rigaku Smartlab diffractometer using Cu Kα radiation (λ 
= 1.5406 Å) at a scan rate of 10◦ min− 1. White light interferometry 
(WLI) profiles were measured using a Bruker Contour X-200 system 
equipped with a green light source. Raman spectroscopy utilized 532 nm 
laser excitation.

3.1. Humidity sensor testing system

Controlled relative humidity (RH) environments (11 %, 23 %, 33 %, 
43 %, 59 %, 75 %, 84 %, 93 %, 97 % RH) were generated at room 
temperature using saturated salt solutions (LiCl, CH3COOK, MgCl2, 
K2CO3, NaBr, NaCl, KCl, KNO3, K2SO4) and calibrated with a commer
cial hygrometer (Testo 605-H1). Plant transpiration monitoring was 
conducted using Epipremnum aureum (pothos). All electrical measure
ments were performed using an electrochemical workstation (CHI 660E, 
Shanghai, China). Humidity response testing was conducted using the 
AC impedance-time method with the following parameters: initial 
voltage of 0 V, bias voltage of 0.025 V, frequency of 100 Hz, and sam
pling interval of 1 s. For Electrochemical Impedance Spectroscopy 
testing, parameters included an initial voltage of 0 V, bias voltage of 
0.025 V, and a frequency sweep range of 1–100,000 Hz.

4. Results and discussion

The highly conductive and flexible GF was fabricated through high- 
temperature annealing of GO. A schematic illustration of the preparation 
process is presented in Fig. 2a. Starting with GO slurry, the material was 
subjected to sequential carbonization and graphitization treatments at 
1300 ◦C and 2850 ◦C, respectively. Subsequently, the GF was continu
ously formed on a PET substrate via a rolling process. Fig. 2b displays 
representative photographs of the as-prepared GF (measuring 10 m ×
0.6 m × 20 μm), confirming the successful large-scale production of GF 
itself. Fig. 2c and video S1 display the resistance change of the GF after 
10,000 bending cycles. Evidently, no significant resistance variation 
occurs, which is attributable to graphene’s unique microstructure [17]. 
Its hexagonally arranged two-dimensional structure, coupled with 
strong intermolecular forces, enables it to withstand substantial defor
mation without fracture under large-range bending. Figs. S1–2 confirms 
the successful preparation of highly crystalline GF. Considering laser 
patterning as an efficient method for rapid processing, it is suitable for 
structuring the GF to serve as the electrode substrate. Fig. 2d illustrates 
the process of laser patterning the GF into IDEs. This approach clearly 
enables the scalable fabrication of GF-IDEs, as demonstrated in Fig. 2e. 
An optical image of the laser-patterned electrode is shown in Fig. 2f, 
detailing its geometry: finger width of 500 μm and gap spacing of 250 
μm.

More compellingly, the GF exhibits superior characteristics 
compared to traditional metal materials (using Cu as an example) and 
LIG, as summarized in Fig. 2g. Firstly, regarding flexibility, the GF 

Fig. 2. (a) Schematic illustration of the GF fabrication process. (b) Optical photograph of a representative GF sample. (c) Resistance changes of GF after 10,000 
bending cycles. (d) Schematic diagram of laser processing IDEs on GF. (e) Optical image showing large-scale fabrication of IDEs. (f) Optical photograph of the IDE. (g) 
Radar chart comparing GF, Cu, and LIG in terms of cost, flexibility, processing rate, alkali corrosion resistance, and salt spray corrosion resistance.
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demonstrates exceptional bendability. In stark contrast, LIG, also a 
carbon-based material, suffers a significant conductivity loss of 15.6 % 
after only 500 bending cycles (Fig. S3). Secondly, the GF also possesses 
outstanding corrosion resistance. Following 48 h of salt spray corrosion 
and 7 days of exposure to 1 M KOH, no substantial decline in conduc
tivity is observed (Figs. S4-S5). Conversely, Cu undergoes severe surface 
corrosion and experiences a drastic drop in conductivity to merely 0.11 
S m− 1 under identical conditions. Furthermore, in terms of cost- 
effectiveness and processing speed, the GF demonstrates lower costs 
and faster fabrication rates compared to both Cu and LIG (Table S2). 
Based on these results, the GF presents significantly greater promise 
than conventional materials for large-scale industrial applications.

Fig. 3a schematically illustrates the fabrication process of the 
all‑carbon-based humidity sensor, utilizing GO (flake size distribution 

shown in Fig. S6) as the humidity-sensitive material and GF as the 
electrode substrate. A 50 μL of GO solution was drop-casted onto the GF 
electrode surface to ensure uniform coverage, followed by drying to 
form a homogeneous GO film-coated GF humidity sensor. An optical 
image in Fig. 3b(I) demonstrates the uniform coating of GO over the GF 
electrode substrate, revealing a yellowish-brown film covering the 
interdigital electrodes. To gain deeper insights into the morphology of 
GO on the GF surface, SEM characterization was performed. Notably, as 
shown in Fig. 3b(II), at the GF-PET interface step, the GO film does not 
break but instead forms an inclined GO film bridging the step, con
firming its continuous and conformal coverage over the entire electrode 
substrate. Fig. 3b(III) further displays the surface morphology of GO on 
GF, showing the interdigital regions remaining smooth. Higher magni
fication imaging reveals characteristic wrinkles in the GO film deposited 

Fig. 3. (a) Schematic illustration of the GF-GO sensor fabrication. (b) Surface morphology of the GF-GO sensor: (I) Optical photograph of the GF-GO sensor; (II) SEM 
image of the GF/PET step region in the GF-GO sensor; (III) Surface SEM morphology of the GF in the GF-GO sensor. (c) Magnified view of the rectangular area in (III). 
(d) Cross-sectional SEM image of the GF-GO sensor (GO layer thickness ≈150 μm). (e) WLI image of the GF surface. (f) WLI image of the GF-GO surface. (g) XRD 
pattern of GF-GO. (h) Raman spectra comparison of GF and GF-GO. High-resolution XPS spectra of C 1 s (i) and O 1 s (j) for GF and GF-GO.
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on the GF, providing direct evidence of GO coverage. Crucially, the 
underlying GF wrinkles remain visible through the GO film (Fig. 3c), 
indicating its ultrathin nature. To quantify the GO film thickness, cross- 
sectional SEM analysis was conducted (Fig. 3d and Fig. S7). The results 
show an ultrathin GO layer (approximately 150 nm thick) intimately 
adhering to the GF. This reduced thickness facilitates the rapid absorp
tion and desorption of water molecules within the film, laying the 
foundation for the sensor’s ultrafast response and recovery. Addition
ally, the surface morphology was characterized using WLI. The arith
metic mean roughness (Ra) of the pristine GF surface, depicted in 
Fig. 3e, was measured to be 286.9 nm, indicating a relatively smooth 
surface. In comparison, the Ra value for the GF-GO composite surface 
increased slightly to 327.9 nm (Fig. 3f), attributable to the wrinkles 
introduced by the conformal GO coating. Structural information for Cu 
and LIG substrates is provided in Figs. S8-S11.

To further investigate the structural and chemical properties of the 
GF-GO composite, XRD, Raman spectroscopy, and Fourier transform 
infrared (FTIR) spectroscopy were employed. The XRD pattern of pris
tine GF (Fig. S12) exhibits two sharp diffraction peaks at ~26.5◦ and ~ 
54.7◦, corresponding to the (002) and (004) crystal planes, respectively. 
In contrast [36], the XRD pattern of GF-GO (Fig. 3g), while retaining the 

characteristic (002) and (004) peaks of the underlying GF at 26.5◦ and 
54.7◦, displays an additional peak at ~12◦. This peak is assigned to the 
(001) plane of GO [37], consistent with the XRD pattern of pure GO film 
(Fig. S13). Combined with the SEM observations, this confirms the 
successful integration of the GO film onto the GF substrate. Raman 
spectroscopy further elucidates structural differences (Fig. 3h). The GF 
spectrum shows a weak D-band and an intense G-band (ID/IG = 0.08), 
indicative of its high graphitization degree and excellent lattice integ
rity. This is corroborated by a prominent 2D-band at ~2714 cm− 1 [38]. 
Conversely, the GF-GO spectrum exhibits a significantly enhanced D- 
band intensity (ID/IG = 1.04), signifying the introduction of abundant 
defects and oxygen-containing functional groups (e.g., hydroxyl, epoxy, 
carboxyl) within the surface GO film. These functional groups are crucial 
for conferring humidity sensitivity to GO [39]. FTIR spectroscopy was 
performed to identify specific functional groups in GF-GO (Fig. S14). 
Distinct characteristic peaks are observed at ~3500 cm− 1 (O–H 
stretching), ~1730 cm− 1 (C––O stretching of carboxyl), ~1630 cm− 1 

(C––O stretching of carbonyl), and ~ 1080 cm− 1 (C–O stretching) [40]. 
These hydrophilic groups impart strong hydrophilicity to the GO film. 
These properties facilitate the rapid absorption/desorption of water 
molecules upon humidity changes, inducing significant alterations in 

Fig. 4. (a) Schematic demonstration of the GF-GO sensor performance testing. (b) Sensitivity comparison of GF-GO sensors with different GO concentrations. (c) 
Response/recovery time comparison. (d) Response/recovery time comparison between the GF-GO sensor and previously reported GO-based humidity sensors uti
lizing different electrode substrates. (e) Linear correlation of the GF-GO sensor within 11 %–97 % RH. (f) Repeatability and (g) long-term stability of the GF-GO 
sensor at different humidity levels.
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electrical properties, thereby enhancing the humidity sensor’s sensi
tivity and response/recovery speed. Contact angle measurements pro
vide direct evidence of the superior hydrophilicity of GO (Fig. S15): after 
GO deposition, the contact angle on the IDE dramatically decreased 
from 100.2◦ to 29.7◦.

Furthermore, the surface chemical composition of the GF-GO com
posite was investigated using XPS. As shown in Fig. 3i, the C 1 s spec
trum of pristine GF exhibits a strong, sharp peak at 284.8 eV, 
corresponding to the typical sp2-hybridized carbon (C-C/C=C) in GF. 
Concurrently, a distinct π-π satellite peak is observed at ~291 eV for GF, 
originating from electron transitions within the aromatic structure [41]. 
In contrast, the C 1 s spectrum of GF-GO shows the disappearance of the 
π-π satellite peak, while peaks associated with C–O and C––O bonds are 
significantly enhanced. Specifically, the characteristic peak at 284.8 eV 
for GF-GO is assigned to C-C/C-H. The peak at 286.8 eV corresponds to 
C–O bonds (-C-O-C/-OH); these groups enhance the hydrophilicity of 
GO, providing abundant adsorption sites for water molecules. The peak 
at 287.8 eV is attributed to C––O bonds (-COOH). These carboxyl groups 
also improve the hydrophilicity of the GO sensing layer and impart 
higher chemical reactivity [42,43]. Supporting this analysis, quantita
tive oxygen content determination (Fig. 3j and Figs. S16-S17) demon
strates a significant increase from 8.7 % for pristine GF to 29.5 % for GF- 
GO upon integration of the GO layer, providing robust confirmation of 
the conclusions.

The humidity sensing performance of the GF-GO sensor was further 
evaluated (Fig. 4a and Fig. S18 show the schematic diagram and phys
ical photograph of the sensor test setup, respectively). Fig. S19 compares 
the humidity response characteristics of GF-GO under different testing 
frequencies. The results indicate that at the higher frequencies, the 
sensor exhibits the lower sensitivity and the lower responsiveness to 
humidity changes. This is attributed to the polarization relaxation of 
water molecules being unable to keep pace with the rapid oscillation of 
the high-frequency electric field [44]. Notably, at 100 Hz, the sensor 
demonstrates the highest sensitivity and optimal linear correlation 
(Fig. S20). Consequently, all subsequent tests were conducted at 100 Hz. 
To achieve optimal sensing performance, the concentration of the GO 
solution was systematically varied while maintaining a fixed volume, as 

concentration directly alters the thickness of the humidity-sensitive 
layer. Figs. 4b-c illustrate the sensitivity and response/recovery times 
of GF-GO sensors fabricated with GO concentrations of 0.01 wt%, 0.02 
wt%, and 0.03 wt%. It is evident that the sensor with a GO concentration 
of 0.02 wt% delivers the best overall performance: it exhibits the highest 
sensitivity (2920 kΩ/%RH) during transitions from low to high hu
midity (Fig. 4b), coupled with ultrafast response/recovery times of 2.8 s 
/ 2.9 s (Fig. 4c). Fig. S21 demonstrates the impedance stability and 
capacitance stability of the GF-GO sensor, confirming the reliable per
formance of the humidity sensor at 100 Hz and under a concentration of 
0.02 wt%. To elucidate the superior performance at 0.02 wt%, electro
chemical impedance spectroscopy (EIS) and SEM characterization were 
performed. Fig. S22 presents the thicknesses of GO layers at different 
concentrations and their corresponding EIS spectra under identical hu
midity conditions. The results reveal GO layer thicknesses of 75 nm, 150 
nm, and 250 nm for concentrations of 0.01 wt%, 0.02 wt%, and 0.03 wt 
%, respectively. Crucially, the sample with 0.02 wt% GO exhibits the 
lowest charge transfer resistance. It exhibits optimal humidity sensing 
performance at this thickness. Furthermore, Fig. 4d and Table 1 present 
a comparison of the response/recovery times of the GF-GO sensor 
against those of graphene oxide-based humidity sensors employing 
different electrode substrates, as well as other advanced flexible hu
midity sensors. This comparison demonstrates the superiority of the GF- 
GO sensor in sensing performance over those utilizing traditional metal 
electrodes or LIG-based substrates, highlighting its enhanced 
capabilities.

Fig. 4e reveals that the impedance of the GF-GO sensor decreases 
strikingly by over four orders of magnitude as the RH increases from 11 
% to 97 %, exhibiting excellent linearity with a correlation coefficient 
(R2) of 0.9839. The humidity hysteresis characteristic of GF-GO is pre
sented in Fig. S23. Additionally, the GF-GO sensor demonstrates 
exceptional repeatability and long-term stability. Fig. 4f shows no sig
nificant deviation in the response amplitude during four complete 
sensing cycles, where RH was sequentially elevated from 11 % to target 
levels (23 %, 43 %, 75 %, 97 %) and then returned to 11 %, confirming 
its precise humidity sensing capability. Crucially, Fig. 4g indicates 
negligible change in impedance values across different humidity levels 
after 25 days, underscoring its exceptional long-term stability.

To fully validate the superiority of GF-based humidity sensors, the 
humidity sensing performance of Cu and LIG substrates with identical 
GO humidity-sensitive layers was compared within the 11 %–75 % RH 
range. As shown in Fig. 5a, the GF-based sensor significantly out
performs Cu- and LIG-based sensors in both sensitivity and response/ 
recovery time. Fig. 5b displays the EIS plots of the three sensors at 75 % 
RH. The charge transfer resistance (Rct) of GF-GO and Cu-GO is two 
orders of magnitude lower than that of LIG-GO. Compared with Cu-GO, 
the Rct of GF-GO is only half of its value. This indicates that when GF 
serves as the electrode material, charges can transfer more easily 
through the GO layer to the electrode interface. This may be attributed 
to the fact that both GF and GO are carbon-based materials with similar 
chemical properties and crystalline structures (sp2 carbon networks), 
and the presence of few functional groups on the GF surface, resulting in 
excellent chemical compatibility [59]. Consequently, the energy barrier 
for electron transfer between GF and GO is extremely low, ensuring 
highly efficient charge transport. These interfacial characteristics endow 
the GF-GO sensor with higher sensitivity and shorter response/recovery 
times (Fig. 5c).

To validate the environmental adaptability of the humidity sensors 
under different conditions, simulated salt spray corrosion tests and 
bending tests were conducted. The GF-GO sensor maintained excep
tional humidity sensing performance even under extreme environments. 
After aging in a simulated salt spray environment (5 wt% NaCl solution, 
48 h), the sensor exhibited sensitivity retention rates exceeding 99 % at 
both medium-low humidity (43 % RH) and high humidity (97 % RH), 
significantly outperforming the Cu-GO sensor (Fig. 5d). This superior 
corrosion resistance is attributed to the inherently excellent salt spray 

Table 1 
Comparison of this work with various types of recent state-of-the-art humidity 
sensors.

Electrode 
materials

Humidity- 
sensitive 
materials

Sensor Type Response 
time (s)

Recovery 
time (s)

Ref.

–
PAM/Tapioca 
Bulk Hydrogel

Conductance 275.6 227.0 [45]

Au MIL-96 Capacitance 105 105 [46]

Ag-Pd
TpPa-SO3Na- 
COF Impedance 6 69 [47]

Ti3C2Tx 
MNSs GO

Capacitance/ 
Impedance 0.8 0.9 [48]

– PCFGOM Capacitance/ 
Impedance

1.3 0.8 [49]

graphene 
LIG

GO–MWCNT Resistance 5.0 26.0 [50]

LIG GO Capacitance 15.8 15.8 [33]
Au/ALN/ 

SiO2
GO SAW 10.0 9.0 [51]

Pt/SiO2 rGO@MoS2 Resistance 17.0 414.0 [52]
Au GO Impedance 8.0 5.0 [53]
Si Nafion@GO Voltage 16.0 16.0 [54]
PrGANPs 

INK
PEDOT@rGO Resistance 20.0 35.0 [55]

AgNW 
Paper GO Current 280.0 27.0 [56]

Cu rGO@WSCA Resistance 10.0 9.0 [57]
Au rGO@WS2 Resistance 31.0 95.0 [58]

GF GO Impedance 2.8 2.9 This 
work
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corrosion resistance of the GF substrate, which was further corroborated 
by EIS measurements (Fig. S24). Furthermore, the GF-GO sensor 
demonstrated outstanding flexibility. Following 500 bending cycles 
around a cylindrical mandrel with a 4 mm radius, its sensitivity reten
tion rates at both medium-low and high humidity levels remained as 
high as 99 %, again surpassing those of the Cu-GO sensor (Fig. 5e and 
Fig. S25). This remarkable mechanical stability originates from the ho
mogenous graphene structure shared by both GF and GO, which imparts 
stronger interfacial adhesion. These exceptional properties endow the 
GF-GO sensor with broad potential for applications in various flexible 
electronic devices.

Fig. 5f illustrates the mechanism by which GF-IDE enhances hu
midity sensing performance. Briefly, water molecules permeate the ul
trathin GO layer and accumulate between the electrode and the 
humidity-sensitive material. Under the influence of an electric field, 
hydrogen ions undergo directional migration, thereby enhancing the 
humidity response. Furthermore, EIS measurements across varying hu
midity levels (Fig. S26 and Fig. 5g) elucidate the underlying sensing 
mechanism: at low humidity, water molecules undergo chemisorption 
onto the oxygen-containing functional groups of GO, preventing the 
formation of a continuous water layer and hindering ionic conduction, 

resulting in extremely high impedance. As humidity increases, a phys
isorbed water layer covers the chemisorbed monolayer. This continuous 
water film facilitates H3O+ ion transport, leading to a significant 
reduction in impedance. At high humidity regimes: Physisorption ap
proaches saturation, with multiple water layers covering the surface. 
Proton conduction proceeds predominantly via the Grotthuss mecha
nism (sequential proton hopping between adjacent water molecules).

To evaluate its application potential, the GF-GO sensor was deployed 
in human breath monitoring and contactless human-machine interac
tion. For contactless button operation, the sensor responds to signals by 
detecting ambient humidity changes induced by a finger, effectively 
eliminating the need for direct contact and thereby significantly miti
gating the risk of pathogen cross-transmission. Human skin continuously 
releases moisture through sweat evaporation. As demonstrated in 
Figs. 6a and b, when a finger approaches the sensor surface, water 
molecules are adsorbed by the GO humidity-sensitive layer, leading to a 
substantial increase in electrical conductivity and a corresponding sig
nificant decrease in impedance. As the finger gradually moves away 
(from 1 mm to 5 mm), the impedance value rises accordingly. Crucially, 
distinct distances correspond to specific impedance values, exhibiting an 
excellent linear relationship between distance and impedance (Fig. 6c). 

Fig. 5. (a) Humidity response curves, (b) EIS spectra, and (c) schematic illustration of the sensing mechanism for GF-GO, Cu-GO, and LIG-GO sensors. Sensitivity 
retention rate of GF-GO and Cu-GO sensors after (d) 48 h salt spray corrosion and (e) 500 bending cycles. (f) Schematic illustration of the mechanism for enhanced 
humidity response by GF. (g) Mechanism of water molecule adsorption/desorption on GO at varying humidity levels.
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Furthermore, integrated into a face mask, the sensor leverages its hu
midity responsiveness to track respiratory rate and depth in real-time, 
providing crucial data for disease pre-warning and health manage
ment. Fig. 6d clearly illustrates the sensor’s real-time response curves to 
three distinct breathing patterns: rapid breathing (90 breaths/min), 
normal breathing (27 breaths/min), and deep breathing (11 breaths/ 
min). Beyond frequency, the sensor also effectively responds to varia
tions in breathing depth: the impedance change amplitude is greatest 
during deep breathing and smallest during rapid breathing. Table S3 
quantifies the sensing data of the GF-GO sensor for human breath 
monitoring. These results collectively demonstrate the reliable and 
sensitive response of the sensor to both finger proximity/distance and 
diverse breathing patterns, highlighting the dual application potential of 
the GF-GO sensor in healthcare monitoring and contactless human- 
machine interaction interfaces.

Furthermore, plant transpiration, serving as a critical water regula
tion mechanism, is closely linked to plant growth and physiological 
processes [2]. Typically, the density of stomata on the lower leaf surface 
exceeds that on the upper surface, and the frequency of stomatal dis
tribution is higher in the upper regions of the stem morphology [60]. 
Building on this understanding, a GF-GO sensor was integrated onto the 

upper stem region (Fig. 6e) to monitor humidity changes primarily 
associated with the lower leaf surface, thereby enabling the tracking of 
dynamic plant transpiration patterns. Fig. 6f illustrates the transpiration 
variation curve of a plant over four consecutive day-night cycles: the 
plant was normally watered the night before testing commenced, fol
lowed by three days of simulated drought conditions. The results reveal 
that transpiration peaked during the afternoon of the first day, began to 
decline on the second day, and exhibited a further significant reduction 
on the third day compared to the second day (manifested as an increase 
in impedance value). Upon resuming normal watering on the evening of 
the third day, the daytime transpiration level on the fourth day recov
ered to a level comparable to that of the first day.

Conventional plant sensors still rely on metallic substrates for elec
trodes, which lack long-term durability under extreme conditions, such 
as high salinity or alkaline environments. In contrast, the sensor 
developed in this work exhibits exceptional stability in harsh set
tings—including salt spray and alkaline conditions—making it suitable 
for deployment in saline-alkaline soils and coastal agricultural areas. 
These findings collectively demonstrate the efficacy of the GF-GO hu
midity sensor in dynamically monitoring plant transpiration. This 
capability highlights its considerable promise for applications in plant 

Fig. 6. (a) Schematic illustration of the GF-GO sensor applied in non-contact human-machine interaction and respiration monitoring. (b) Impedance response at 
different contact distances and (c) its linear correlation characteristics. (d) Impedance response of the GF-GO sensor to different breathing patterns. (e) Optical 
photograph of the GF-GO sensor installed on the abaxial surface (underside) of a plant leaf. (f) Real-time impedance-time curve monitoring the transpiration process 
of a plant using the GF-GO sensor.
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physiological research and precision agriculture growth monitoring.

5. Conclusion

In summary, this work successfully overcomes the limitations of 
conventional electrode substrates by developing a scalable, high- 
performance graphene film (GF) through thermal annealing and roller 
pressing. The resulting GF exhibits exceptional electrical conductivity, 
remarkable flexibility, and superior environmental stability, enabling its 
use as a robust electrode substrate for humidity sensors. By integrating a 
conformal graphene oxide sensing layer, an all‑carbon humidity sensor 
was constructed, demonstrating high sensitivity, fast response/recovery, 
and outstanding durability under mechanical bending and harsh envi
ronmental conditions. The GF-based platform not only offers a viable 
alternative to traditional metal and LIG electrodes but also opens up 
broad applications in wearable health monitoring, non-contact human- 
machine interfaces, and precision agriculture. This study provides a 
scalable and efficient strategy for designing next-generation sensing 
devices with enhanced environmental adaptability and mechanical 
reliability.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2025.169730.
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