Open Access Article. Published on 15 April 2025. Downloaded on 1/13/2026 9:52:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 11739

Received 11th March 2025
Accepted 8th April 2025

DOI: 10.1039/d5ra01765¢

rsc.li/rsc-advances

Introduction

High-response humidity sensing with graphene
oxide/lignosulfonate and laser-induced graphene
for respiratory healtht

Yanbo Peng, Yuhong Zhao, Ying Yuan, Wei Meng, Wenhe Jiang and Xiluan Wang@*

Most current commercial humidity sensors rely on precious metals and chemicals. In this study, alkali lignin
produced in the paper industry was utilized to form a film with hydroxyethyl cellulose to generate laser-
induced graphene (LIG) as an electrode material for a sensor by the laser-induction technique. LIG
exhibits excellent conductivity, and the experimental results demonstrate that its resistivity can be
adjusted by laser power without the necessity for additional conductive materials. A solution comprising
a blend of graphene oxide and sodium lignosulfonate was introduced to the LIG surface in a dropwise
manner, thereby establishing a sensing surface. This process resulted in the introduction of hydrophilic
groups, including carboxyl, phenolic hydroxyl, and sulfonic acid. The integration of these hydrophilic
groups enhanced the surface's sensitivity to humidity, thereby facilitating the precise capture of
alterations in ambient air humidity. The humidity sensor, which employs alkali lignin and lignin laser-
induced graphene as electrodes and graphene oxide (GO) as the humidity-sensitive layer, exhibits an
exceptionally high degree of sensitivity to humidity. The response reached 42.74 (Rrn/Ro) at 80% relative
humidity and 133.96 (Rru/Ro) at 90% humidity with a sensitivity of 147.73%/% RH. Moreover, the sensor
displays an impressively brief recovery period, which remains unaltered even after multiple cycles.
Additionally, the humidity sensor exhibits excellent stability for a period of up to 30 days. This study has
successfully developed a simple and efficient method for preparing graphene, and has produced
a flexible resistive sensor with high sensitivity, repeatability, and stability, thereby opening up new
avenues for the high-value utilisation of lignin.

cost humidity sensing materials represents a significant
challenge.
Lignin has low intrinsic value and a low utilization rate." But

Humidity sensors are of great importance in the field of agri-
culture," industrial production and human activities.>*
Researchers have investigated a multitude of humidity detec-
tion mechanisms, including resistors, photoreactors, capaci-
tors, field effect transistors (FETs), and quartz crystal
microbalances (QCMs).*” Among the existing sensing technol-
ogies, resistive sensors are worthy of further investigation due
to their straightforward structure, cost-effectiveness and
straightforward circuit design. To enhance the sensing perfor-
mance, a plethora of novel sensing materials have been devel-
oped, encompassing carbon materials,*® electrospun fibres,*
metal oxides,"" semiconductor particles’® and composite
nanomaterials."* Nevertheless, the primary impediments to the
industrialisation of sensors are the elevated cost of electrodes,
the high cost of raw materials and the intricate nature of the
manufacturing process. The large-scale development of low-
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most of lignin is burned as fuel, and only a small part of lignin
is converted into commercial products.'® However, about 50
million tons of lignin are produced worldwide through indus-
trial and biological refining processes every year."” As the
second largest natural polymer on the earth, lignin is the most
important source of aromatic biomass. Its antioxidant, anti-
bacterial, biodegradable, and CO*neutral properties have
garnered increasing attention. With the emergence of environ-
mental pollution and resource crisis, the effective utilization of
lignin has attracted increasing attention, because it not only
brings economic benefits to the biomass industry, but also
helps to reduce the dependence on fossil energy.'®' Through
previous studies, modern lignin extraction technology has been
developed and mature, mainly used to prepare high value-
added products such as pyrolysis 0il,* phenolic resin, poly-
urethane, epoxy resin and heavy metal adsorbent.'®**** The
current research project is focused on the preparation of gra-
phene from woody biomass resources, including wood and
paper, using laser etching.”® Nevertheless, the considerable
heterogeneity of lignin represents a significant obstacle to the
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large-scale utilisation of lignin-based materials, particularly
those based on graphene. Fortunately, laser etching technology
can effectively circumvent the influence of lignin heterogeneity,
thereby enabling the efficient preparation of graphene.>

The disposal and recycling of electronic products also
present long-term challenges, as traditional electrodes are often
composed of expensive and non-recyclable metals, including
copper, gold, silver, platinum, nickel, chromium and
aluminium.*?® Research in the field of humidity sensors has
seldom addressed the electrode component. Lignin-derived
laser-induced graphene (LIG) represents an optimal electrode
material, offering a cost-effective and renewable alternative.
Furthermore, industrial lignin can be transformed into water-
soluble lignosulfonate (LS), which is rich in hydrophilic
groups, through sulfonation.”” This material has attracted
considerable interest due to its renewability, low cost and
potential as a surfactant and water adsorbent. The functionality
of resistive humidity sensors depends on changes in ambient
humidity signal.®® Chemical resistance materials, as potential
materials for wearable sensors, can directly convert external
stimuli into electrical signals for detection. It boasts a straight-
forward structure, simple signal collection, and straightforward
manufacturing.'®***® Moreover, the sensitivity of such sensors
can be markedly enhanced by the introduction of hydrophilic
groups, including carboxyl groups, phenolic hydroxyl groups,
and sulfonic acid groups. Graphene is a low-dimensional
material with superior electrical sensitivity and a large
surface-to-volume ratio, which renders it a promising candidate
for incorporation into low-dimensional humidity sensing
materials.**** Graphene oxide (GO), a derivative of graphene,
exhibits excellent hydrophilicity owing to the existence of epoxy,
hydroxyl, and carboxyl groups on its surface and edges.***® This
property endows GO with a remarkable capacity for humidity
sensing. Further improvements to the humidity sensor's
performance may be achieved through modifications to the
sensitive layer.*”

Expanding the response range of sensor to humidity and
reducing their response and recovery times have always been
focal points in sensor research. Alrammouz deposited
aluminum IDE onto highly porous GO-coated cellulose paper,
created by immersing the paper in a GO solution via vacuum
thermal evaporation, and subsequently designed a capacitive
humidity sensor. While this sensor is capable of reducing
resistivity, its sensing humidity range is limited to only 30% to
90%.** Zhu developed a humidity sensor utilizing a blend of
nanocellulose and carbon nanotubes as the moisture-sensitive
material. Although this sensor's response humidity range has
been expanded to 11-95%, its response/recovery times are quite
lengthy, at 330 s/377 s respectively.” Through in situ polymeri-
zation, hydrophilic PANI with varying concentrations was
coated onto the surface of nanofibers, subsequently enabling
the assembly of a resistive humidity sensor. The sensor's
humidity response range can be enhanced from the original
49% to 83%, with a response/recovery time of 33/88 seconds.*
Sulfides such as MoS, are also widely used in humidity
sensors.” A flexible humidity sensor was developed on textiles
using silver conductive ink and carbon conductive ink through
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screen printing technology. It has preferably linear response in
the humidity range of 28.8-91.5%, but its response recovery
time at the highest humidity is 20 s and 35 s respectively.*

This study presents the design of a lignin-based laser-
induced graphene electrode, which incorporates graphene
oxide as a humidity-sensitive layer and integrates LS as a mois-
ture-absorbing enhancement material. The experimental
outcomes indicate a response of 41.74 (Rgu/R,) at 80% relative
humidity (RH), approximately tripling that of a pristine gra-
phene oxide film. Furthermore, the peak response observed at
90% RH was 132.96 (Rgu/R,), with a sensitivity of 147.73%/%
RH.

The field of humidity sensing technologies is experiencing
continuous refinement and enhancement, particularly within
the domains of industrial Internet of Things and healthcare.
Despite the progress made by commercial capacitive polymer
and MEMS sensors, which have achieved response times of less
than a second and the capability to detect a broad spectrum of
humidity levels, these sensors still face technical obstacles
when applied to the realm of flexible wearable respiration
detection. The primary challenges include the inherent limita-
tions of rigid substrates and the complexity of lithography
processes associated with MEMS sensors. Furthermore, the
production of electrodes in most commercially accessible
sensors relies on the use of precious metals and chemicals.
Furthermore, most commercially available sensors are reliant
on precious metals and chemicals for electrode fabrication.
Finally, medical-grade respiratory monitoring devices currently
lack portability. In light of the pressing demand for high-
performance, cost-effective, and portable humidity sensors,
laser-induced graphene (LIG) humidity sensors that utilize
graphene oxide/LS thin films have emerged as a promising
solution. These sensors offer several distinct advantages,
including their flexibility, wide applicability, and the potential
for cost-effective mass production. The integration of the
sensing film with flexible LIG finger electrodes endows the
sensor with the capacity to undergo folding and bending,
rendering it optimal for incorporation into portable devices.
The integration of the proposed sensor with a mouthpiece and
an embedded microcontroller unit (MCU) facilitates the detec-
tion and counting of breaths. Furthermore, the ultra-high
sensitivity of the sensor in high humidity environments
ensures that the motion state sensing profiles measured can
fulfil the requirements of high-frequency dynamic response.

Results and discussion

Synthetic procedures

Design of GO/LS-LIG humidity sensor. GO/LS-LIG humidity
sensor electrode is mainly composed of LS-GO water molecule
adsorption layer and LIG electrode layer (Fig. 1a), using
a semiconductor laser engrave to modify the LS solution, in the
process of laser etching, the laser causes a sharp increase in the
local temperature, and many functional groups containing C-O
and C=0 bonds are broken, and the oxygen element is released
in the form of gas (Fig. 1b). At the same time, the higher content
of AL in the film undergoes C-C bond reorganisation by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Schematic illustration of the fabrication process of the GO/
LS-LIG humidity sensor. (b) Diagram of the molecular structure
mechanism of LIG formation by laser etching of LS. (c) Recovery curve
of GO-LS-3 response under 5 cycles at 90% humidity environments.
(d) Schematic illustration of the humidity sensing mechanism.

reaction to form an aromatic backbone. The material is trans-
formed from a sp® hybrid state to a more structurally ordered
sp® hybrid state.

LS exhibits clear hygroscopic characteristics, enabling the
adsorption of water molecules from the surrounding air. The
combination of LS and GO results in the formation of addi-
tional hydrogen bond sites, which facilitates the adsorption of
a greater number of water molecules onto the film. This, in turn,
enhances the sensitivity and responsiveness of the material to
fluctuations in humidity. Furthermore, the sensitivity can be
augmented by depositing a GO-LS sensing solution onto
a porous LIG electrode. The porous structure of the electrode
increases the surface area of the GO that is susceptible to the
effects of moisture. The deposition of the GO-LS sensing solu-
tion onto the highly porous structure forms rough films with
a larger surface area than planar surfaces.

An illustration of the humidity-response mechanism is
depicted in Fig. 1d. Under a consistent voltage, as humidity
escalates, the electrode's resistance diminishes and the current
intensifies, thereby altering the sensing signal across varying
humidity conditions. With the escalation of humidity levels,
water molecules are progressively adsorbed onto the surface of
graphene oxide (GO) and lignosulfonate (LS). The LS molecules,
abundant in highly hydrophilic sulfonic acid groups, effectively
capture water molecules from the environment via hydrogen
bonding and dipolar interactions. The sulfonic acid group facil-
itates the dissociation of hydrogen ions in the presence of water,
forming an ion migration channel that markedly enhances the
material's ionic conductivity. Additionally, the natural polymer
framework of LS offers adsorption sites for water molecules, and
its porous or cross-linked structure expedites the diffusion and
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penetration of these molecules. The amalgamation of LS and GO
yields a humidity sensor characterized by high responsiveness,
minimal lag, repeatability, and stability (Fig. 1c). At reduced
humidity levels, a limited number of water molecules adhere to
the sulfonic acid groups of LS and the oxygen-functional groups
of GO, partially dissociating to form localized ion migration
pathways, which initiates a decrease in resistance. However, the
absence of a continuous water layer on the sensor material's
surface impedes the transfer of H,O or H;0" in the discontinuous
regions, resulting in relatively minor impedance variations under
low humidity conditions. As humidity continues to rise,
a continuous water layer develops on the GO-LS interface, and
the porous or cross-linked structure of LS promotes the transfer
of H,0 or H;0" ions. The natural macromolecular backbone of LS
provides adsorption sites for water molecules, and the Grotthuss
mechanism*® describes the ion transport process involving
proton transfer between H,0 and H;O" within these water layers.
The reaction is represented by the equation: H,0 + H;0" — H;0"
+ H,O0. This ion-centric process results in a substantial reduction
in impedance as relative humidity increases, and the swift ion
transfer within the aqueous layer leads to a significant decrease in
impedance, thereby enhancing the sensor's sensitivity. None-
theless, due to the absence of a continuous electron conduction
pathway in LS and the swelling effect of LS in high humidity
conditions, which can influence the ion transport of water
molecules and GO.

Characterisation of graphene electrodes

Pore structure analysis. Pore structure is one of the key factors
affecting carbon electrodes, in order to evaluate the pore structure
of LIG, N, adsorption desorption tests were carried out, and the
specific surface area (SSA) and pore size distribution (PSD) of LIG,
as shown in Fig. 2a, showed that LIG exhibits type IV adsorption
isotherm and possesses a H3-type hysteresis loop. Meanwhile, the
surface area increased with increasing laser power, and the
maximum specific surface area (242.83 m”> g~ ') was obtained at
a power of 100% (Fig. S1ct). At lower pressures (P/Py< 0.01), the
adsorption capacity increased and the LIG surface presented
a certain number of micropores. A good hysteresis loop was
observed in the pressure range of 0.5-1. The Barrett-Joyner—
Halenda (BJH) model was used to measure the pore size distri-
bution of the material, and as shown in Fig. 2b, LIG-P100
possesses a large number of mesoporous structures and the
main pore size is 3.99 nm, which is an obvious mesoporous
material characteristic. Moreover, with the increase of laser
power, the mesoporous pore size and total pore volume of LIG
gradually increase (Fig. Sla-cf). The high specific surface area
and rich mesoporous distribution of LIG provide a favorable
structural foundation for electrode-sensing solution contact.

Conductivity analysis. In order to evaluate the conductivity
of the LIG, a four-probe method was employed, with the laser
scanning speed set between 50% and 70% and the laser
intensity set between 50% and 100%. As illustrated in Fig. 2c,
reducing scanning speed and increasing laser intensity result in
a decline in the sheet resistance. The sheet resistance was found
to be 10.37-12.99 Q sq ' under processing conditions with
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Fig. 2 (a) LIG-P100 adsorption desorption curve. (b) Pore size distri-

bution of LIG-P100. (c) Resistance of LIG-P100 etched at different
laser intensities using 50%, 60%, and 70% laser scanning speeds. (d)
XRD pattern of LIG-P100. (e) C 1s XPS mapping of AL-HEC and LIG-
P100. (f) Raman spectra of the LIG-P100.

100% laser power. However, when the scanning speed was set to
50-60%, the resulting LIG exhibited some degree of cracking,
which is not conducive to subsequent humidity sensor
manufacturing.

X-ray diffraction. As Fig. 2d shows, the XRD peak at 25.4° in
the centre of LIG-P50 is attributable to the (002) reflection,
which represents the lattice reflection of graphene.

XPS analysis. As illustrated in Fig. 2e, the high-resolution C
1s XPS measurement spectra of the AL-HEC films primarily
consist of signal peaks representing the C-C bond, the C=C
bond near 284.8 €V, and the C-O and C=O0 bonds near 286.5 eV
and 288.5 eV, respectively. Among these, the oxygen-containing
functional groups in AL include C-O, C=O, and carboxyl
groups, while HEC contains a substantial number of hydroxyl
groups. Consequently, the C 1s spectra exhibit significant signal
peaks corresponding to the C-C, C-O, and C=O bonds.
Furthermore, it is evident that the intensity of the signal peaks
for the C-C bonds of the AL-HEC films remains largely constant
after the intensity of laser etching, while the intensities of the
signal peaks for the C-O and C=O bonds are considerably
reduced. The XPS analysis yielded analogous results in the case
of varying power etching (Fig. S2a-dt). As illustrated in Table 1,
a discernible shift in the quantitative ratios of C=0, C-OH, and
C-C components was evident before and after laser treatment of
the AL-HEC films. The atomic energy share of C-C exhibited
a notable increase from 63.41% to 78.55%, accompanied by
a reduction in the binding energies of C-OH and C=O to
varying extents. It can be posited that the oxygen and carbon
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Table1 Quantitative ratios of C=0, C-OH and C-C fractions before
and after laser processing of AL-HEC films

Chemical state AL-HEC films (at %) LIG-P100 (at %)

Cc-C 63.41% 78.55%
C-OH 31.07% 16.41%
C=0 5.53% 5.04%

atoms experienced dissociation during the laser etching
process, resulting in alterations to the LIG functional groups.

Raman studies. As shown in Fig. 2f, the LIG is characterised
by Raman spectroscopy, which contains three main signal
peaks: peak G (1580 cm™ ') is an in-plane stretching oscillation
induced by the sp> hybridisation of the C atoms, and peak D
(1350 cm™ ") is induced by lattice defects in the LIG carbon
atoms. The 2D peak (2670 cm ™) is derived from the second-
order band-boundary phonon and usually represents the
layers of graphene. The degree of graphitization of carbon
materials can be accurately assessed using the relative intensi-
ties (Ip/I;) of the D and G peaks. The higher the I/ ratio, the
more lattice impurities and defects are present in the graphene,
with the lowest Ip/I; ratio (0.874) being obtained when the
applied laser power is increased to 100% (Fig. 2f and S3a-ct).
The quality of graphene is assessed by the calculation of the I,/
I intensity ratio in the Raman spectrum; the higher the I,p/Ig
ratio, the fewer the stacked layers of graphene, with the highest
Lyp/Ig ratio (0.704) when the applied laser power is increased to
100%. The data indicate that the LIG samples exhibit regular
sp> hybridisation and fewer stacked layers of graphite, and that
the LIG prepared at a laser power of 100% best matches the
characteristics of graphene. Due to the presence of the O
element LIG still retains sp® hybridisation, which also corre-
sponds to the findings of the XPS spectra.

Ttransmission electron microscopy analysis. The use of
a low-magnification transmission electron microscope (TEM)
allows for the clear observation of a graphite flake layer in the AL-
HEC film (Fig. 3a), which exhibits a reduction in stacked layers

Fig. 3 (a) TEM images of LIG at different magnifications. (b) HRTEM
image of the LIG. (c) SEM images of surface morphology at different
magnifications of LIG. (d) SEM image of LIG cross section.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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following laser etching. This observation corroborates the
analytical conclusions drawn from Raman spectroscopy. As can
be observed in the high-resolution transmission electron
microscopy (HRTEM) image (Fig. 3b), the LIG displays an ordered
lattice structure with a measured lattice spacing of 0.31 nm,
which is in accordance with the findings of the XRD analysis.

Scanning electron microscopy analysis. SEM reveals the
porous structure of the LIG surface, as illustrated in Fig. 3c. This
is a three-dimensional porous structure formed by the irregular
arrangement of the carbon skeleton, and the distribution of
these pores is irregular. The irregular pore structure as well as
the large specific surface area are beneficial to the adsorption of
water molecules and the improvement of sensitivity. The cross-
section of LIG is illustrated in Fig. 3d. It can be observed that
carbonisation was carried out on a smooth PET film, and the
thickness of the carbonised layer can be seen to be 76.9 um by
SEM image of the cross-section. There is no correlation between
pore size and laser power; however, an increase in porous
density is evident with elevated laser power, as illustrated in
Fig. Sla-c.f These can indicate that the laser-treated surface
forms a layered irregular porous structure, which contributes to
the diffusion of water molecules.

Humidity sensing test

In order to evaluate the performance of the GO/LS-LIG humidity
sensor, we conducted a series of experiments. Initially, as
previously described, 10 mL of a 0.5 mg per mL GO solution was
added to different masses of LS, with the LS added in
a sequential manner. The sequence of additions was 0 mg,
1 mg, 5 mg, 10 mg, and 100 mg, and the resulting samples were
labeled as GO-LS-n (n = 0, 1, 2, 3, and 4). In order to provide
a quantitative description of the response of the aforemen-
tioned humidity sensor, we define response (R) and sensitivity
(S) as follows:

R= RRH/RO (1)
S = (Ren — Ro)(RHy — RHy) @

where, Rgy; and R, are the sensor resistances at a given relative
humidity and dry air, respectively is the humidity of the test
environment, since the experimental control humidity is a dry
environment, RH, = 0. The corresponding responsiveness as
well as sensitivity can be calculated by using eqn (1) and (2).
Effect of the LS addition amount. The response of the
assembled humidity sensor was evaluated at 80% relative
humidity, and the results are presented in Fig. 4a. It is evident
that as the quantity of LS incorporated increases, the response
of the GO/LS-LIG humidity sensor rises from 17.70 (Rgru/R,) to
42.74 (Rgu/Ro). The response time remains relatively constant.
This phenomenon may be attributed to the fact that LS contains
a considerable number of hygroscopic groups, and as the
quantity of LS added increases, the capacity of the GO-LS
composite sensing layer to capture free water molecules in the
air gradually increases. It is noteworthy that when the amount
added reaches 100 mg, the response level decreases to 6.04(Rgy/
R,) and the response time increases to 37.5 s. This phenomenon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be attributed to the fact that the hydrophilic groups present
in the LS structure can adsorb water molecules without signif-
icantly altering the material's conductivity. As the quantity of
added substances increases, the possibility of trapping water
molecules by oxygen functional group at the surface of gra-
phene oxide is significantly reduced. This results in a reduction
in the performance of the humidity sensor when an excess of LS
is introduced. Comparisons with existing studies are listed
(Table 2).

Analysis of hysteresis. Hysteresis can be defined as the
discrepancy between the sensor output signals (e.g., resistance,
current or voltage) when the relative humidity undergoes an
increase or decrease. The analysis of hysteresis in a humidity
sensor represents a crucial stage in the evaluation of its
performance. The response curve of the GO-LS-3 was measured
in order to evaluate its hysteresis performance during a change
in relative humidity from 11% to 90%. As illustrated in Fig. 4b,
the documented response outcomes demonstrate that the
sensor exhibits optimal performance in both the increase
(adsorption) and decrease (desorption) of humidity within the
range of 5% RH to 90% RH. The high degree of overlap between
the two curves indicates that the sensor exhibits excellent
hysteresis performance. The hysteresis can be calculated as
follows: the maximum absolute value of the humidity hysteresis
error is approximately 0.58% in the range of 11% RH to 97%
RH, indicating that the sensor exhibits good reliability. This
value is calculated using the following eqn (3):

Hmax = FFS - FFR (3)

where H,,. is the difference between the outputs of forward and
reverse operations, Frs is the maximum output and Fyy is the
minimum output.

Response and recovery characteristics of the sensor. The
response and recovery behaviour of humidity sensors is
contingent upon the adsorption and desorption processes of
water molecules, making it a significant factor in evaluating
sensor performance. The response time and recovery time
refers to the time required for the sensors to reach 90% of the
complete change in the adsorption and desorption states,
respectively. The sensor was subjected to alternating cycles of
dry conditions (0% RH) and humid conditions (90% RH), and
the resulting change in sensor response was recorded. The
response-recovery curve is illustrated in Fig. 4c. Upon exposure
to 0% RH, the sensor exhibits a rapid initial rise in response,
followed by a period of stabilisation as the RH rises to 97%.
Following a period of stabilisation, the sensor is then exposed to
a dry environment, resulting in a rapid decrease in response.
The sensor exhibits a response time of 12 s and a recovery time
of 2 s. As humidity levels rise, water molecules progressively
adhere to the graphene oxide surface and the oxygen-containing
functional groups within it. This process may entail a number of
steps, including the diffusion of water molecules into the
internal pore structure of the material and their subsequent
formation of hydrogen bonds with surface functional groups.
The aforementioned adsorption processes are relatively slow,
particularly in environments with high humidity. Furthermore,
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(a) Humidity sensing curves for different LS additions. (b) Response and recovery curves for GO-LS-3. (c) Response curves corresponding

to GO-LS-3 at different times. (d) Response recovery curve of GO-LS-3 at 50-90% RH. (e) Recovery curve of GO-LS-3 response at 11-50% RH.
(f) Response recovery curve of GO-LS-3 at 11% RH. (g) Recovery curve of GO-LS-3 response under 5 cycles at different humidity environments
and (h) amplification curve of recovery response curve under 5 cycles at 50% and 33% humidity environments. (i) Corresponding curves of GO—-

LS-3 in different humidity environments over a period of 30 days.

the adsorbed water molecules may accumulate in layers,
resulting in an extended response time. In contrast, in dry
environments, water molecules are prone to desorbing rapidly
from the material surface. The interaction between water
molecules and graphene oxide is primarily physical adsorption
(hydrogen bonding), which results in a relatively weak interac-
tion force. Consequently, in a dehumidified environment, water
molecules can desorb from the surface more quickly, resulting
in a shorter recovery time.

Sensor response analysis. The maximum response value is
an important performance indicator of the sensor. As shown in

Table 2 Comparison among different kinds of humidity sensors

Fig. 4d and e, in order to reach adsorption equilibrium, the
humidity sensor should be placed in an environment corre-
sponding to the relative humidity. Calculations show that the
maximum responses to reach adsorption equilibrium are 1.029,
1.380, 1.831, 8.921, 42.517, and 139.192 for RH of 11%, 33%,
50%, 70%, 80%, and 90% RH, respectively. However, an inter-
esting phenomenon has been observed, i.e., no water film is
formed on the surface of the sensors in the low-humidity
region, mainly due to the fact that the water film is not
formed on the surface of the sensors. Electronic conduction, the
response level of the sensor starts to enhance dramatically as

Material Sensitivity Humidity range Response (s)/recovery (s) LOD Reference
Borophene-MoS, 155 (AI/I) 0-97% 2.5/3.1 LOD >0.9736% RH 41
rGO/MoS2 24.94 (AR/Ry) 5-85% 6.3/30.8 LOD >0.0109% RH 42
GO-based 37.43% 11-97% 94/134 — 43
CNTs-paper 0.998/% RH 33-98% 0.5/90 — 44
LIG/poly 1700 kQ/% RH 11-97% 4.2/6.8 — 45
LS/GO-LIG 147.73/% RH 11-90% 12/2 LOD >0.4429% RH This work
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the relative humidity increases, which also represents a sharp
increase in ionic conductivity after the formation of a contin-
uous water film and the hopping transport of protons (H')
through the Grotthuss mechanism. Therefore, we calculated the
obtained data separately, and in the low humidity region (11-
50% RH), the sensor response shows a linear relationship (Y =
0.2033X + 0.7766, R, = 0.9791). In the high humidity region, the
fitted equation for the sensor response is Y = 6.6856E — 19x(1 +
X)'%% R* = 0.99951, and the fitted curve is shown in Fig. 5. The
ultra-high response of the sensor response for the high
humidity range facilitates our application in the direction of
respiration detection (the relative humidity of human exhaled
gas is close to 100% RH). According to our calculations, the
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theoretical detection limit for the sensor is 0.4429% and the
theoretical detection limit for quantification is 1.4764%. (See
ESI datat for specific calculations*®*5).

Sensor cyclic stability. The humidity sensor was subjected to
repeated exposure to both dry and humid environments (33-
90% RH) in order to test the reproducibility and reversibility of
the sensor. The data presented in Fig. 4g and h was obtained
from the continuous testing of five cycles, each with a 50-second
cycle period. Upon returning to its original state, the relative
humidity causes the sensor to return to a response value that is
extremely close to the original value (the error is less than 0.1%).
This demonstrates that the humidity sensing process is highly
reversible. The response and recovery times remained largely
unchanged across the five measurement cycles, indicating
excellent reproducibility of the humidity response. Conse-
quently, the GO-LS-LIG-based humidity sensor exhibits an
ultra-fast response and fast recovery, as well as excellent
repeatability and stability.

Long-term stability. The evaluation of sensors is contingent
upon the assessment of stability, which is a pivotal criterion. The
GO-LS-LIG humidity sensor was subjected to an environment
with humidity levels of 33%, 50%, 70% and 90% for a period of 30
days. The maximum response was measured every five days,
allowing the change in response over time to be determined. This
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(a) Schematic design of GO/LS-LIG mask breathing sensor. (b) Response curve of GO/LS-LIG human body in fast breathing condition. (c)
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is illustrated in Fig. 4i. It can be observed that following a 30-day
testing period, the change in response within each humidity
range is minimal, thereby substantiating the assertion that the
sensor exhibited excellent stability throughout this period.

Applications in respiratory monitoring

The humidity of human exhaled air is typically extremely high,
approaching 100% relative humidity. This phenomenon is
attributable to the absorption of moisture by the air as it traverses
the lungs and respiratory tract, whereby the exhaled air attains
a moisture content approaching saturation. The assembled GO/
LS-LIG humidity sensor was placed into a disposable mask, as
illustrated in Fig. 6a. The device was connected to an electro-
chemical workstation, and the response curves of the sensor to
the human breathing were tested at a room temperature of 25 °C
and an ambient humidity of 60% RH under fast, normal, and
deep breathing states (Fig. 6b and c). During the fast breathing
phase, the sensor's sensitivity to high humidity gases enabled it to
record each breathing cycle with sufficient accuracy, even though
it did not reach the maximum response value. The respiratory
rate of the human body could then be calculated by determining
the number of peaks per minute.

We proceeded to integrate the sensor into an embedded
microcontroller unit (MCU). Upon the exhalation of gas by the
human body, which causes a change in sensor resistance, the
MCU (microcontroller unit) receives the analog signals and
converts them into digital signals, thereby generating the
appropriate commands to control the computer. In conjunction
with the respiration cycle resulting from the alteration in
resistance, the MCU-converted digital signal also undergoes
a transformation. Through the implementation of a pro-
grammed “counting signal,” each instance of the digital signal
exceeding the “counting signal” results in the MCU's initiation
of a data accumulation process, which is then displayed on the
screen (for further details, please refer to Video 11). We also
tested the respiratory sensing under various exercise condi-
tions, recording the sensing curves of the test subjects while
standing, walking, and running (Fig. 6d-f). When standing,
a relatively rounded curve is visible. During walking and
running, the peaks and valleys of the sensing curve become
sharper. In the case of running, due to the increased breathing
rate, there are denser and sharper peaks and valleys, exhibiting
a similar sensing curve trend to that observed during previous
rapid breathing detection.

In the presence of high humidity gas, the resistance value of
GO/LS-LIG undergoes significant changes, demonstrating high
sensitivity. It can detect human respiration using only an MCU
and provide valuable respiratory information under different
motion conditions. This paves the way for advancements in
portable respiratory monitoring devices.

Experimental
Materials

The alkaline lignin (L0082) was procured from TCI, while the
sodium lignosulfonate was obtained from Macklin. The

1746 | RSC Adv, 2025, 15, 1739-11748
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hydroxyethyl cellulose was sourced from Meryer, and the glyc-
erol was purchased from Aladdin. The polyethylene tere-
phthalate (PET) substrate was acquired from the Oudifu
company.

Preparation of laser-induced graphene electrodes

A solution of 4.0 g of alkaline lignin (AL) in 50 mL of deionised
water was prepared and mixed with 1.0 g of hydroxyethyl
cellulose (HEC). Subsequently, 1.5 mL of glycerol should be
added. The AL-HEC solution was then poured onto the PET
plastic substrate and scraped into a film using a coating
machine. The coating speed was set to 60 mm s~ ' and the film
thickness was set to 0.8 mm. Subsequently, the AL-HEC solution
was subjected to a drying process at 60 °C for 30 min, after
which the AL-HEC solution had undergone a process of film
formation and had been affixed to the PET substrate. A semi-
conductor laser engraver (D3 laser engraver, DAJA) was selected
for the laser etching of the AL-HEC film. The peak laser power of
the laser engraver was 7 W, with the applied laser power rep-
resenting a range of 50-100%. The scanning rate was set at 50—
70% of the full scanning speed (100 mm s~ ). The LIG prepared
at X% laser power is denoted as LIG-PX. The fork finger elec-
trodes were designed to consist of 14 electrodes, with individual
electrodes measuring 10.0 mm in length and 1.0 mm in width,
and a spacing of 0.5 mm between electrodes. The fork finger
electrodes were etched onto the surface of AL-HEC film to form
LIG electrodes, and the remaining film was rinsed with deion-
ised water to obtain the fork finger electrodes on the PET
substrate, as illustrated in Fig. 1.

Humidity sensor preparation

GO was prepared by oxidising natural graphite powder (325
mesh, Qingdao Huatai Lubricant Seal Technology Co., Ltd,
Qingdao, China) in accordance with the modified Hummers'
method. A GO/LS mixture was prepared by adding varying
masses of LS to a 10 mL solution of 0.5 mg per mL GO.
Subsequently, 0.3 mL of the prepared solution was pipetted
onto the surface of the forked electrode and dried at 60 °C. The
solution was then subjected to a drying process at 60 °C.
Following this, copper foil was attached to both sides of the
forked electrode, thus completing the assembly of the sensor.

Characterisation of materials

The square resistance of the LIGs was determined utilising a four-
point probe resistivity measurement system (RTS-2, Guangzhou
Four Points Technology Co., Ltd, Guangzhou, China). Scanning
electron microscope images were obtained using a field emission
scanning electron microscope (Regulus 8100, Hitachi, Japan),
and transmission electron microscopy observations were con-
ducted using a Hitachi H-7650 B transmission electron micro-
scope operated at 80 KkV. Furthermore, high-resolution
transmission electron microscopy (HRTEM) imaging was con-
ducted using a FEI Tecnai F20 HRTEM at 200 kV. Raman spectra
were obtained using a confocal Raman microscope (Horiba Jobin
Yvon, France) with a 532 nm laser and a 50x objective lens, with
wave numbers ranging from 500 to 2800 cm ™. X-ray diffraction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was conducted using a Rigaku Ultima IV diffractometer (Japan),
while XPS measurements were performed with a K-Alpha spec-
trometer (Thermo Fisher Scientific, USA) with a beam size of 400
pum. The specific surface area was calculated using the BET
method with a BUILDER Kubo-X1000 tester, based on nitrogen
adsorption-desorption analysis.

Humidity sensing measurements

Ambient humidity conditions ranging from 40% to 90% were
provided by a constant temperature and humidity chamber
(HWS-80, Zhejiang Shangcheng, China). When a relative
humidity of less than 40% was desired, we added 50 mL of
saturated lithium chloride to one of the sealed solvents and
fifty mL of saturated magnesium chloride solution to the other,
which was used to create a relative humidity of 11% versus 33%. A
0% RH environment was obtained by using phosphorus pent-
oxide (P,Os) powder as a desiccant. The RH response of the
sensor was achieved by humidifying the sensor in a constant
temperature and humidity chamber and then quickly trans-
ferring it to a sealed container at 0% RH to remove water mole-
cules. This iterative process of moisture absorption and release is
defined as the humidification-dehumidification cycle. The
resistance change of the prepared humidity sensor was measured
using an electrochemical workstation (CHI 660E, ChenHua).

Conclusions

By integrating mass-producible LEG, graphene oxide and
lignin-based materials, we have developed a flexible humidity
sensor. With an enhanced surface area of 242.83 m® g~ and
a rich mesoporous structure, LIG provided the structural basis
for sensor performance. The hygroscopicity of LS significantly
improves the response time of the sensors, enabling a rapid
response time of 12 seconds and a recovery time of 2 seconds at
90% relative humidity. Notably, the sensors exhibit precise and
linear response signals across various humidity levels, demon-
strating their reliability in sensing applications. Furthermore,
the sensor demonstrates good repeatability and stability during
testing. It can also be embedded into microcontrollers to
develop portable humidity response devices, which have good
application prospects in the field of smart materials and
provide new ideas for the development of sensors for lignin-
based materials.
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