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Abstract

This study presents a hydrolysis time-mediated strategy for engineering the pore and defect structure of biochar
derived from lavender straw nanocellulose. The biochar obtained at the optimal hydrolysis duration of 3 h (CLN-3)
exhibits a developed mesoporous network (46.36 m? g~') and abundant oxygen vacancies, leading to exceptional
ethylene glycol (EG) sensing performance at room temperature: a high response of 17,576.67%, a low detection limit
of 0.36 ppm, and stable operation over 40 days. Density functional theory (DFT) calculations reveal that calcium dop-
ing enhances the adsorption energy of EG from —0.13674 eV to —0.39508 eV, facilitating interfacial charge transfer.
This work provides a green and controllable route to transform agricultural waste into high-performance sensing
materials.

Highlights

- A controllable hydrolysis method transforms nanocellulose into functional biochar with tuned pores and defects.

- The best-performing biochar exhibits exceptional sensitivity, a low detection threshold, and stable long-term
operation for EG sensing.

- Hydrolysis time is identified as the key to tailoring biochar properties, enabling the design of high-performance
gas sensors.
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1 Introduction

Biochar materials exhibit broad application prospects in
volatile organic compound (VOC) detection due to their
tunable pore structures and surface chemical properties
(Fang et al. 2026; Jin et al. 2025; Liu et al. 2025a). Among
these, ethylene glycol (EG), a typical polar organic solvent
with a boiling point of 197.3 °C, is widely used in the syn-
thesis of polyesters and in the production of antifreeze.
However, its toxicity may suppress the central nervous
system and cause multiple organ failure (Ibrahim et al.
2019; Su et al. 2020). Therefore, developing high-perfor-
mance EG sensors with low detection limits holds signifi-
cant practical importance.

In recent years, plant fiber-derived nanocellulose has
emerged as a promising biochar precursor, owing to its
abundant surface hydroxyl groups, high aspect ratio, and
excellent thermal stability—features that favor the con-
struction of hierarchical porous networks and efficient
gas adsorption (Chauhan et al. 2025; Dong et al. 2025a;
Hernandez-Ortega et al. 2025). Oxalic acid, known for
its environmental friendliness, is widely used to remove
lignin and hemicellulose while preserving cellulose crys-
tallinity (Vinod et al. 2021). Among plant-derived feed-
stocks, lavender straw, an underutilized agricultural
waste from Xinjiang, is selected for its structural and
economic merits for low-cost, high-value conversion
(Liu et al. 2025b). Compared with common biomass resi-
dues (rice straw, wheat straw, and corn cob), it features
a loose fibrous structure, balanced cellulose/lignin ratio,
and intrinsic calcium content within the optimal range

for gas-sensing applications. Its higher calcium content
facilitates mild hydrolysis for nanocellulose extraction,
while avoiding structural collapse of the derived bio-
char (Chaloupkova et al. 2021; Copenhaver et al. 2022;
Ercan et al. 2023; Yahya et al. 2023; Xu et al. 2024). Fur-
ther incorporation of acetic acid facilitates the establish-
ment of a synergistic hydrolysis system, enabling effective
regulation of defect structures during biocharization
and promoting the formation of specific oxygen vacan-
cies and edge defects. This enhances adsorption activity
toward polar molecules such as EG (Holilah et al. 2022;
Wang et al. 2023). Although acid hydrolysis pretreatment
is a key strategy for optimizing biomass composition and
enhancing biochar performance, current understand-
ing remains limited regarding how critical pretreatment
parameters—particularly hydrolysis time—influence the
microstructure (e.g., defect types, concentrations, and
distributions) and surface chemistry of the final biochar
(Eom et al. 2019; Wang et al. 2025a). This knowledge gap
constrains the precise regulation of gas-sensing perfor-
mance in biochar-based sensing materials.

This study employs an oxalic acid—acetic acid binary
hydrolysis system to investigate how hydrolysis time
modulates the pore and defect structures of lavender
straw nanocellulose-derived biochar. Hydrolysis duration
governs the degree of cellulose dissociation, directly reg-
ulating the final porous structure and gas-sensing perfor-
mance of the biochar. Moderate hydrolysis for 3 h yields
biochar with a well-developed mesoporous network, high
specific surface area, and abundant oxygen vacancies,
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while insufficient or excessive hydrolysis causes struc-
tural degradation and compromised performance. Com-
bined with DFT calculations, we reveal that intrinsic
calcium doping and pre-adsorbed oxygen synergistically
enhance EG adsorption and interfacial charge transfer.
This work clarifies the hydrolysis time-biochar gas-sens-
ing structure-performance relationship, offers a green,
controllable strategy for developing high-performance
biochar-based gas sensors, and enables high-value con-
version of underutilized agricultural biomass waste.

2 Experimental section

2.1 Materials and reagents

All chemical reagents used in this study are of analytical
grade. Sodium hydroxide (NaOH), oxalic acid (C,H,0,),
acetic acid (CH;COOH), anhydrous ethanol, and sodium
hypochlorite (NaClO) were purchased from Tianjin Beil-
ian Fine Chemical Development Co., Ltd. Other chemical
standards include hydrazine (N,H,), ammonia solution
(NH,), formaldehyde (CH,O), aniline (C¢H,N), metha-
nol (CH,0), EG (C,H40,), ethanol (C,HO), and acetone
(C3HgO), all purchased from Sinopharm Chemical Rea-
gent Co., Ltd. Hydrogen peroxide (H,O,) was purchased
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from Aladdin Reagent Co., Ltd. The biomass feedstock
lavender straw was collected as agricultural residue from
Huocheng County, Xinjiang.

2.2 Preparation of CLN-X

As illustrated in Fig. 1, nanocellulose precursors (LN-X)
were derived from lavender stems via sequential purifi-
cation and oxalic acid/glacial acetic acid hydrolysis (1:1,
m/m, 90 °C, 1-5 h), followed by freeze-drying. TGA anal-
ysis (Fig. S1) optimized carbonization at 450 °C, yielding
CLN-X (X=hydrolysis time). Detailed preparation steps
are available in Text S1.

2.3 Material characterization

The samples’ characteristics were comprehensively
assessed and examined through a range of complemen-
tary characterization techniques. Additional information
on instrument parameters and detailed procedures is
provided in Text S2.

2.4 Calculation method
DFT calculations were performed using the VASP pack-
age with standard computational settings. Detailed
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Fig. 1 CLN-X preparation process flowchart
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calculation parameters and procedures are provided in
Supplementary Text S3.

2.5 Preparation and sensing test

Gas sensing performance was tested at room temperature
via a static volumetric system. CLN-X sensors were fab-
ricated by drop-casting: CLN-X powder was uniformly
dispersed in deionized water (1:3 mass ratio) to form a
homogeneous slurry, 10 uL of which was drop-cast onto
Ag/Pd (95:5, m/m) interdigitated electrodes on an Al,Oq4
ceramic substrate (13 X 7 X 0.635 mm), and then dried at
room temperature for 24 h to form a uniform, compact
sensing layer (Fig. S2a—c). Detailed fabrication and test
protocols are provided in Text S4.

3 Results and discussion

3.1 Morphology and structure of materials

The morphological evolution of the nanocellulose pre-
cursors with hydrolysis time was tracked by TEM
(Fig. 2a—c). Short-term hydrolysis (1 h) led to surface
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roughening, while an optimal 3-h treatment resulted in
complete dissociation into uniformly sized nanofibers
with a well-ordered mesoporous architecture. In con-
trast, over-hydrolysis caused severe structural fragmen-
tation (Kamboj et al. 2025; Saupi et al. 2025; Sawatdee
et al. 2025; Xue et al. 2025). The corresponding carbon-
ized samples (CLN-X) showed that only the optimally
hydrolyzed precursor (CLN-3) formed a continuous
mesoporous network upon carbonization, which is criti-
cal for gas sensing. Elemental mapping (Fig. 2d) con-
firmed the homogeneous distribution of C, O, and Ca
in CLN-3. The source of this calcium was traced to the
lavender straw feedstock itself, as indicated by ICP-MS
analysis (Table S1), which measured a Ca content of
approximately 0.98 wt% in the raw biomass. These results
demonstrate that the calcium doping observed in CLN-3
originates naturally from the agricultural residue and was
not introduced externally during synthesis. (Cheng et al.
2019; Lavarack et al. 2002; Shankar and Rhim 2016; Sun
and Lin 2010). To validate our feedstock selection, we
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Fig. 2 a TEM images of nanocellulose hydrolyzed for 1-5 h; b Schematic of cellulose chain cleavage; ¢ Mesostructure of carbonized CLN-X; d
Elemental mapping of CLN-3; e XRD patterns of pristine nanocellulose (LN-X); f Amorphous XRD features of carbonized CLN-X
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compared the calcium content of lavender straw with
common biomass residues (Table S2). Its Ca content
(0.9823 at.%) falls within the typical mineral range, veri-
fying its suitability as a natural self-doping precursor. The
crystalline structure of the precursors was analyzed by
XRD (Fig. 2e). All LN-X samples showed characteristic
cellulose I peaks. Notably, the intensity of the (002) dif-
fraction exhibited a clear non-monotonic trend, peaking
at LN-3. This indicates that moderate hydrolysis (1-3 h)
effectively removes amorphous regions and enhances
crystallinity, whereas excessive hydrolysis degrades the
crystalline order (Bai et al. 2024; Chagas et al. 2023; Hou
et al. 2025; TIke and Wal 2024; Pratiwi et al. 2023). The
corresponding carbonized samples are shown in Fig. 2f.
Hydrolysis time-regulated non-monotonic variation
in precursor crystallinity governs biochars’ defect and
pore structures through kinetically modulated cellulose
chain cleavage (complete kinetic model/derivation in
Text S5; pseudo-first-order fitting results in Fig. S3). A
core kinetic correlation C% = CEI’ i o
where C,, is the initial glycosidic bond concentration in
cellulose crystalline regions, Crl, is the crystallinity after
¢t hours of hydrolysis, and Crl,,,, =80.60% (maximum
crystallinity of CLN-3). Fitting results identify two stages:
selective etching (1-3 h, k; =0.0393 h™!, R?=0.984) pref-
erentially removing amorphous regions, and over-etching
(3-5 h, k,=0.0327 h™!, R*=0.851) damaging crystalline
structures. Moderate hydrolysis (3 h) maximizes LN-
X’s crystallinity (80.60%, Table S3) and thermal stability
(262.8 °C, Fig. S1), enabling controlled cellulose chain
cleavage during carbonization to form a well-developed
mesoporous network and optimized O /Oy ratio. In
contrast, insufficient hydrolysis (1-2 h) leaves residual
amorphous regions, while excessive hydrolysis (4—5 h)
disrupts crystalline order, and both cause unbalanced
defect distribution and compromised pore development.
Notably, after carbonization, all CLN-X samples exhib-
ited nearly identical broad XRD patterns (Fig. 2f), which
correspond to the (002) and (100) crystal planes of disor-
dered carbon. This result confirms that the overall highly
amorphous structure of the final biochar is independent
of the initial crystallinity of the cellulose precursors (Bis-
was et al. 2022; Yang et al. 2020). However, as revealed
by the hydrolysis kinetic model in Supplementary Text
S5, the precursor crystallinity tuned by hydrolysis time
dominates the pyrolysis behavior during carbonization
by regulating the thermal stability of cellulose precur-
sors, which further determines the pore structure devel-
opment and surface defect evolution of the final biochar.
Three hours of moderate hydrolysis represents the criti-
cal condition for achieving the optimal material struc-
ture: this treatment maximizes the cellulose crystallinity
(80.60%), constructs the most developed mesoporous

quantifies this effect,
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network with a maximum specific surface area of 46.36
m? g~!, and modulates an optimal ratio of chemisorbed
oxygen (O¢) to oxygen vacancies (Oy). This unique struc-
tural combination fully balances the availability of effec-
tive active sites for gas adsorption and the surface redox
activity, which serves as the core structural origin for the
superior EG sensing performance of CLN-3.

The chemical structural evolution during carboniza-
tion was analyzed by Fourier transform infrared (FTIR)
spectroscopy (Fig. 3a). Following carbonization, the
intensities of most characteristic absorption bands asso-
ciated with cellulose functional groups were markedly
attenuated. A broad absorption band centered around
3400 cm™! is assigned to O-H stretching vibrations of
residual hydroxyl groups (Yang et al. 2020). The peaks
near 2900 cm™! and 1044 cm™! correspond to C—H and
C-O stretching vibrations, respectively (Biswas et al.
2022). Weak but discernible signals at approximately
1629 cm™" and 1450 cm™! are attributed to C=C stretch-
ing vibrations within the aromatic skeletal structure of
residual lignin (Biswas et al. 2022; Hayashi et al. 2025;
Stan et al. 2023). The persistence of these oxygen-con-
taining functional groups after carbonization indicates
their high thermal stability. It suggests their potential
role as active sites for enhancing surface reactivity in the
biochar material (Gao and Zhang 2025; Mohamed et al.
2025; Smith-Craven et al. 2024). Raman spectroscopy of
the CLN-X biochars (Fig. 3b) showed characteristic D
(~1350 cm™!) and G (~1580 cm™!) bands, correspond-
ing to structural defects and sp>-hybridized graphitic car-
bon, respectively (Antil et al. 2025; Smith et al. 2016). The
Ip/1g ratio ranged from 0.55 to 0.74, confirming a highly
disordered, amorphous carbon structure. No systematic
variation in Ip/I; with hydrolysis time was observed,
indicating that precursor crystallinity had little influ-
ence on the final graphitization degree under the given
carbonization conditions (Chen et al. 2017; Ferrari and
Basko 2013; Ferrari and Robertson 2000; Meunier et al.
2022). This is consistent with XRD results, where broad
features around 24° and 43°replaced cellulose peaks, fur-
ther confirming the amorphous nature of the biochars
(Ferrari and Robertson 2000; Franklin 1951; Mubari et al.
2022). UV-Vis spectra (Fig. 3c) show hydrolysis time-
dependent intensity variations, with Tauc plots (Fig. 3d)
yielding optical band gaps of 0.80-1.28 eV (non-mono-
tonic trend for CLN-1 to CLN-5). This indicates that
hydrolysis tunes defect states via precursor dissociation,
and the inverse correlation between band gap and gas
response suggests that sensing performance is dominated
by pore structure and surface area rather than electronic
properties.

The surface chemistry of biocharized lavender nano-
cellulose (CLN-X) was analyzed using XPS, with a focus
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Fig. 3 Surface chemical and structural characterization: a FT-IR spectrum. b Raman spectrum revealing I/l defect density; ¢ Ultraviolet-visible
Spectra; d Tauc plots of CLN-X; eXPS spectrum of CLN-X; f C 1 s XPS spectrum; g Ca 2p XPS; h O 1 s XPS spectrum of CLN-X; i The relative percentage

content of O, O¢, and other O species

on oxygen-containing functional groups. Survey spectra
(Fig. 3e) indicate the presence of C, O, and Ca. High-
resolution C 1 s spectra (Figs. 3f—h and S4) show peaks
corresponding to C-C (284.80 eV), C-O-C (286.04 eV),
and C=0 (289.03 eV) (Choudhary et al. 2025; Li et al.
2025; Liu et al. 2025¢). The O 1 s spectrum was decon-
voluted into three components: oxygen vacancies (Oy,
530.38 eV), chemisorbed oxygen species (O, 531.92 eV),

and hydroxyl groups (Oy, 535.02 €V) (Sun et al. 2025;
Wang et al. 2025b). The O,, content increased from
39.67% (CLN-1) to 49.92% (CLN-5) with the hydrolysis
time. CLN-3 exhibited the highest O content (51.8%),
which correlated with its superior gas response and sug-
gested an optimal O concentration for sensing. The Oy
content remained stable (7-14%). The Ca 2p spectrum
exhibited a doublet at 347.92 eV and 351.47 eV, indicating
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the presence of oxidized calcium species (e.g., CaCO,/
CaO) (Shi et al. 2014; Lopez et al. 2022), which may serve
as natural templates or catalytic sites during biochariza-
tion. Figure 3h and 3i indicate that prolonged hydrolysis
in the CLN-X series transforms the surface oxygen chem-
istry from a predominance of adsorbed oxygen (O¢) to a
predominance of oxygen vacancies (Oy), with O reach-
ing its peak at CLN-3. The increase in Oy, enhances gas
adsorption and charge transfer, while O participates in
surface redox reactions (Fang et al. 2024). Combined with
XRD and Raman data, this confirms that hydrolysis effec-
tively modulates surface reactivity. The optimized O/
Oy balance synergistically improves surface chemistry,

laying the foundation for developing high-performance
gas sensors.

Figure 4 illustrates the structural evolution of bio-
chars with hydrolysis time. N, physisorption isotherms
(Fig. 4a) confirm a mesoporous structure in all sam-
ples. CLN-3 possesses the highest specific surface area
(46.36 m* g™, significantly exceeding those of CLN-1
(23.34), CLN-2 (16.21), CLN-4 (14.68), and CLN-5
(13.44 m? g™!), which favors gas adsorption (Long et al.
2016; Yuan et al. 2019, 2022). While pore size distribu-
tions are alike (Fig. 4b), CLN-3 shows a sharper peak
at smaller pores, indicating a more developed porous
network. Microscopy (Fig. 4c) confirms these trends.
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CLN-3 features an interwoven, open nanofiber net-
work, while CLN-1 and CLN-2 have larger bundles and
limited porosity, and CLN-4/5 show agglomeration and
densification. This morphology is consistent with pore
structure data (Fig. 4d, e): CLN-3 has the highest spe-
cific surface area and total pore volume, attributed to
its well-developed porous network, while other sam-
ples have lower values due to incomplete pore forma-
tion or structural collapse. As shown in Fig. S5, TEM
and statistical size analysis were employed to character-
ize particle morphology and dimensions, avoiding the
spherical particle assumption inherent in DLS meas-
urements. CLN-3 displays an open nanofiber network
with a narrow particle size distribution (~12-15 nm),
indicating well-controlled fiber dissociation. CLN-1/2
exhibit larger bundled structures, while CLN-4/5 show
agglomeration, consistent with insufficient or excessive
hydrolysis, respectively.

3.2 Gas sensing investigations of the samples

The gas sensing performance of the CLN-X series was
evaluated at a constant bias of 4 V. The sensors were
sequentially exposed to multiple analytes, including
H,0,, CH,O, N,H,, C,H,O,, NH;, C.H.NH,, C;H.O,
CH,OH, and C,H;OH. The current signals were nor-
malized to obtain dynamic response curves. As shown
in Figs. 5 and S6, the CLN-X materials exhibit a mark-
edly enhanced response to EG, consistent with prior
reports (Li et al. 2024). Figure 5a compares the transient
responses of CLN-1 to CLN-5 toward four representa-
tive gases (H,0,, CH,0O, N,H,, C,HO,). This response
strongly depends on hydrolysis time: the signal inten-
sity of CLN-3 is significantly higher than that of CLN-
1, CLN-2, CLN-4, and CLN-5. A typical response/
recovery curve of CLN-3 to 500 ppm EG (Fig. 5b) gives
T,s=69.75 s and T, .=56.32 s; the relatively slow kinet-
ics may arise from the higher activation barrier for EG
oxidation by pre-adsorbed oxygen. Across 100—400 ppm
(Fig. 5¢c, d), the response exhibits excellent linearity
(R*=0.992), indicating reliable quantitative capability.
The calculated detection limit is 0.36 ppm based on the
linear fit slope and baseline noise.

Figure 6 summarizes the gas-sensing performance and
key physicochemical properties of the CLN series. Com-
parative analysis (Fig. 6a) shows that CLN-3, obtained
after 3 h of hydrolysis, possesses both the highest
adsorbed-oxygen content and the largest specific surface
area, and these structural advantages explain its superior
sensing capability. Accordingly, CLN-3 delivers a signifi-
cantly stronger response to EG than the other samples,
which correlates well with its oxygen-rich surface and
developed porous network. Furthermore, the sensor
showed excellent cyclic stability (Fig. 6b) and maintained
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consistent signals during a 40-day test (Fig.6d), high-
lighting its reliable repeatability and long-term stability.
In the comparison of response and response/recovery
times for four gases (Fig. 6¢), CLN-3 further demon-
strated dual advantages of high responsiveness and rapid
kinetics. Quantitative analysis revealed that its response
to EG reached 17,576.67%, significantly higher than
its responses to H,O, (78.39%), CH,O (533.75%), and
N,H, (467.40%), demonstrating outstanding selectiv-
ity. The CLN-3 sensor in this work realizes efficient
room-temperature (RT) detection of EG, with faster
response/recovery speeds, excellent repeatability and
long-term stability relative to reported sensors. As shown
in Table 1, CLN-3 delivers a nearly unchanged response
after 40 days of testing and exhibits negligible attenuation
over 10 consecutive cycles toward 500 ppm EG, outper-
forming most reported EG sensing materials. In contrast,
conventional EG sensors usually require high operating
temperatures, which greatly limits their applications in
wearable devices and industrial inspection.

Based on the humidity response rules obtained from
the static humidity sensing test system (Fig. S7), Fig. 7a
illustrates the moisture-sensing mechanism of the CLN-3
biochar layer. Its response originates from the porous
structure, surface functional groups (-OH, —COOH),
and carbon defects. Under low humidity, water mol-
ecules chemically adsorb onto these groups via hydro-
gen bonding or coordination. An applied electric field
enhances proton dissociation, promoting water dissocia-
tion (H,O—H* +OH"). H* binds to functional groups
while OH™ stabilizes at defect sites, forming a stable
chemisorbed layer (Xing et al. 2021). With rising humid-
ity, water molecules physically adsorb onto the chem-
isorbed layer via hydrogen bonding, gradually forming
a continuous film within the porous structure. In this
film, H* migrates rapidly via the Grotthuss proton-hop-
ping mechanism (H,O+H;0" = H;0" + H,0), markedly
boosting ionic conductivity and sensor response (Yang
and Zhang 2024). Carbon defect sites further strengthen
water adsorption affinity. Electrochemical impedance
spectroscopy (EIS) was performed under varying humid-
ity (Fig. 7b). The EIS curves showed near-linear behav-
ior at 33-54% RH, indicating high impedance. As RH
increased to 64—85%, the curves evolved toward a semi-
circular shape, reflecting enhanced ionic conductivity
due to continuous water film formation. The humidity-
dependent sensing performance of the CLN-X series was
also evaluated (33—85% RH), as ambient humidity signifi-
cantly influences sensor response (Wei et al. 2025). All
materials showed increased response with RH (Figs. 7c,
d and S8), with CLN-4 being the highest, followed by
CLN-5, CLN-2, CLN-3, and CLN-1. CLN-3 exhibited
notable signal fluctuations at 75% and 85% RH, consistent



Gong et al. Biochar (2026) 8:110 Page 9 of 17
@50 50 50
X 1k
N 3
X 6% 25 25 500
&
Q
© 0 0 0 0
0 40 80 120 0 30 60 9 0 35 70 105 O 120 240 360
@ 2 1 @
s ® | 4k
= 80} 1 » 120 { e 1 80 BB R
a0t | hoh b &R B
¢ Sa0l 1% 1 ¥ A eof (S [T |W . faof |} | [W® |2
\/e @ AP ? e " ‘ L \ LW
@) & 0";‘ Lﬁ) 3ol & okt Py & ¥ 1 PR W g o
0 33 66 99 0 40 80 120 0 35 70 105 0
< 90 600F M 600
~ . tda 1 ‘ . ‘ 16k
o8 | *i ol [ ™ 1 A A
;7§45 | | s |300} | | 300} | ‘
$ o} [ 9 3 s | ‘ 8k
7] L l | | 9 'Y
O & OE’A F‘f B W Gwﬁ e lead | 0 \,.r: ) 0
0 33 66 99 0 36 72 108 0 39 78 117 70
£ 90 = 90 4K
Q
b‘ 7]
ol “ . s
o’ &
x g 0 0 0
600 39 78 17 0 31 62 93 0 36 72 108 0 133 266 399
% 1 50 26 1k
P8y
e S 25 13 600
o’ 8
g o 0 0 0
0 33 66 99 0 35 70 105 0 33 66 99 0 100 200 300
b Time (s) Time (s) Time (s) Time (s)
e 4.5k— — 4.5k
18k IS C Unit: ppm _ Response = 201.858 + 7.062C
9 < 10 £ ’1 3 R?=0.99226
= o 3.0k § / L // % 3.0k
1) ® — J @
= c e | 2 y
[o] o [o]
§ 6k §1.5k § 1.5k
14 CLN-3 14 o
500ppm C,HgO,
1] PN - 0.0 0.0
0 80 160 240 0 210 420 630 0 100 200 300 400
Time (s) Time (s) Time (s)
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with the EIS results. CLN-X exhibits divergent humidity
responses via the synergistic regulation of porous struc-
ture (specific surface area, pore volume) and surface
oxygen species (Oc/Oy/Oy). CLN-3 maintains stable
EG sensing under humidity variation through the opti-
mal balance of these two factors (see Text S6 for detailed
mechanism).

3.3 EG sensing mechanism of the CLN-3 sensor

Nanocellulose-derived biochar is a promising sensing
material, featuring high surface area and porous struc-
ture that afford abundant adsorption sites. Our analy-
sis reveals two synergistic factors underlying its high

sensitivity and rapid response: hydrolysis time-tailored
hierarchical porosity optimizing gas diffusion and active
site access, and formed surface defects (e.g., oxygen
vacancies) and functional groups promoting chemical
adsorption. Their synergy optimizes mass transport and
enhances surface activity, boosting gas capture and accel-
erating interfacial kinetics to underpin its superior sens-
ing performance.

The gas sensing sensitivity of semiconductor materials
is governed by two key factors: the charge depletion layer
depth (L) and the particle size. Reducing the particle
size while expanding L significantly enhances sensitivity
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Table 1 Comparison of the sensing properties of this material with other reported sensing materials for EG

Sensing material Temp.(°C) Con. (ppm) Res (%) Tres/Trec (S) LoD (ppm) Stability/ Ref.

Reproducibility (days/

cycles)
MoO, RT 500 7900 27/34 0.734 35/6 Liu et al. (2026)
ANDC/ZIF-8 RT 500 13,450 13.9/10.6 0.840 30/8 Zhu et al. (2025)
CMH RT 500 15,540 14.2/373 0.292 30/3 Xu et al. (2025)
CuO@Ga,04 160 100 3410 84/50 - 25/9 Geng et al. (2025)
SnO,/Zn0O 240 100 16,889 41/49 0.158 15/4 Dong et al. (20253, b)
CuO/GO 110 10 3850 215/282 - 90/5 Lin et al. (2025)
BMO/In,04 220 100 3700 26/129 1 60/5 Zhang et al. (2025)
SmFeO, 180 100 11,600 80/95 - 12/6 Liu et al. (2023)
WO;-400 160 100 230,400 137/321 1 30/5 Qu et al. (2024)
Bi,LaFe,Oq 230 100 3750 39/256 0.0069 60/5 Zhao et al. (2025)
CLN-3 RT 500 17,576 69.7/56.3 0.360 40/10 This work

Response values herein are current-based percentage responses (higher =better). Literature data, originally R,/R, (R,=air resistance, R, = gas resistance; higher
ratio=better), are converted to equivalent current-based percentage responses for consistent comparison. Both are common sensing performance metrics

(Epifani et al. 2008; Yamazoe and Shimanoe 2008), a rela-
tionship described by Eq. (1):

N? N,
Locy[—L == 1)
N2 Ng

The gas response relates to microstructural param-
eters through Eq. (2), where the areal density of
chemisorbed oxygen ions (N,) and the bulk carrier con-
centration (Ny4) govern the depletion layer thickness (L)
and grain size (D). Specifically, L increases with N, and
decreases with Ny High oxygen coverage enhances
electron capture, amplifying the response. At fiber
junctions, the resistance follows an exponential barrier
model, consistent with prior work (Xing et al. 2011).

14
R = Roexp(f) @)

In this model, T is absolute temperature, x the Boltz-
mann constant, R, a geometric prefactor, and gV the
intergranular barrier height. Current depends exponen-
tially on gV, so even a sub-100 meV change can alter
resistance by an order of magnitude. The randomly
stacked nanofibers of CLN-3 form a dense network of
junctions, each with a similar barrier gV, that governs
charge transport. Thus, the overall resistance R reflects
the cumulative barrier across successive fiber—fiber
interfaces. Upon air exposure, adsorbed oxygen extracts
electrons to form O, (Egs. 3, 4) (Chwieroth et al. 2001;
Xing et al. 2011; Yamazoe and Shimanoe 2008), intro-
ducing an additional barrier gV,. This raises the total
barrier to g(V; +V,), leading to a marked resistance
increase (Song et al. 2023).

02 (gas) — Os(ads.) (3)

Oz(ads.) + e~ — O, (ads.) (4)

Upon exposure to EG vapor (Fig. 8a), the mol-
ecules adsorb and oxidize with pre-adsorbed oxygen
species (Egs. 5, 6) (Zhu et al. 2025), releasing elec-
trons back into the conduction band. This narrows
the space-charge region and reduces resistance. The
electron reinjection lowers the overall barrier height
from g(V; +V,) to q(V; +V, — V3), markedly amplify-
ing the sensor response.

(CH,0H),(gas) — (CHyOH),(ads.) (5)

2(CH0H), (gas) + 505 (ads.) — 4CO3 + 6Hy0 + 5e~

(6)

Additionally, the second sensing mechanism originates

from the radial contraction of charge conduction path-

ways within the nanowire (Fig. 8b). The corresponding

resistance (R) can be approximated using the nanowire
resistance Eq. (7) (Miller et al. 2015):

L

R=dp—i—
7TD2cond

(7)

In this model, the resistance depends on the nanofiber’s
resistivity (p), length (L), and the diameter of its conduc-
tive core (D,,,q)- For the interconnected hollow nanofib-
ers in CLN-3, D .4 is highly sensitive to the surface
depletion layer depth. Chemisorption of oxygen expands
this layer, reducing D4 and thereby increasing the mac-
roscopic resistance. To further elucidate the fundamen-
tal gas-sensing mechanism of the CLN-3 sensor, in situ
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Fig. 6 a Surface adsorbed-oxygen ratio, average pore size, and BET surface area of the CLN-X series; b Cyclic stability of CLN-3 toward 500 ppm EG
at 25 °C; ¢ Selectivity, response time and recovery time of CLN-X sensor; d Long-term stability of CLN-3 sensor for 40 days

FTIR spectroscopy was used to monitor the interac-
tion between CLN-3 and EG in real time. As shown in

EG is oxidized by surface oxygen species, ultimately pro-
ducing CO, and H,O (Zhao et al. 2025).

Fig. 8c, characteristic peaks appeared at 3465 cm™* (O-H

stretching of surface hydroxyl groups and/or adsorbed
water) (Pradhan et al. 2020), 2973 cm™* (C—H stretching
of adsorbed EG), and ~ 2350 cm™! (asymmetric stretching
of CO,). These spectral changes indicate that adsorbed

3.4 DFT calculations for elucidating the roles of Ca doping
and adsorbed oxygen

To elucidate the roles of trace Ca doping and adsorbed

oxygen, we conducted density functional theory (DFT)
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calculations. After confirming the stability of defective
bilayer graphene and Ca-doped models via ab initio
molecular dynamics (AIMD), the gas adsorption prop-
erties were systematically evaluated. The adsorption
energy (E,q) was calculated using Eq. (8):

Eads. = Etotal - Egas — Lgubstrate

8)

In this equation, E,, denotes the total energy of the
system after gas adsorption, E,, represents the energy
of free gas molecules, and E ;.. indicates the energy
of the clean substrate. Charge density difference (CDD)

analysis employs expression (9):

AP = Protal — Psubstrate — Pgas

9)
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In this expression, p.,, corresponds to the total
charge density following gas adsorption, pgpsrate refers
to the charge density of the substrate alone, and py,
denotes the charge density of an isolated gas molecule.

Computational results (Table 2, Figs. 9a, b and S9) show
that calcium doping enhances the adsorption energy of
O, from —0.03351 eV in the pristine structure to approx-
imately —0.07062 eV, indicating that doping facilitates
oxygen enrichment on the material surface. Furthermore,
the adsorption energy of C,H O, increases markedly
from —0.13674 eV on the oxygen-pre-adsorbed surface
to —0.39508 eV on the calcium-doped and oxygen-pre-
adsorbed surface. This pronounced enhancement under-
scores the critical role of calcium doping in promoting
C,HO, adsorption (see Table 3 and Fig. 9¢, d).

Quantitative insights from calculated adsorption
energies (Table 3) reveal distinct C,H;O, adsorption
behaviors on O, pre-adsorbed substrates: the defective
graphene bilayer exhibits weak physisorption of C,H,O,
with an adsorption energy of —0.13674 eV, whereas the
Ca-doped defective graphene bilayer shows stronger
chemisorption (E4, =—0.39508 eV). These results con-
firm that Ca doping significantly enhances the affin-
ity for C,H,O, on O, pre-adsorbed surfaces, thereby

improving the material’ s gas-sensing performance. Com-
plementary density of states (DOS) analysis (Fig. S10)
further elucidates the underlying electronic mechanism.
Upon O, adsorption, Ca doping introduces hybrid states
near the Fermi level that strongly overlap with the C 2p
and O 2p orbitals, enhancing electronic coupling at the
O,/substrate interface. For C,H,O, adsorption, the Ca-
doped system displays broader and more overlapping
contributions from Ca, C, and O states around the Fermi
level, which improves orbital-coupling efficiency between
the C,H,O, and the substrate. Together, the adsorption-
energy calculations (Table 3) and DOS analysis demon-
strate that the synergistic interface formed by Ca doping
and pre-adsorbed oxygen promotes orbital hybridization,

Table 2 Adsorption energy of an O, molecule on undoped and
Ca-doped defect bilayer graphite-like structures

Sy5tem Esubstrate Egas Etotal Eads. (eV)
Defective gra-  —518.00915 -991 —527.95267 —0.03351
phene bilayer

Ca-doped —524.27031 -991 —534.25093 —0.07062

defective gra-
phene bilayer
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Fig. 9 Adsorption configurations and critical adsorption depths of O, molecules on uncalcium-doped and calcium-doped (a, b) surfaces,
and C,H,0, molecules on uncalcium-doped surfaces adsorbing O, (c) and calcium-doped surfaces adsorbing O, (d)

thus enhancing both adsorption capacity and sensing
response toward O, and C,H,O,.

3.5 Practical application demonstration and limitations
of the CLN-3 sensor

Figure 10a—c characterize the CLN-3 sensor’s antifreeze
detection performance: the concentration-dependent
response to 1-5 mL antifreeze at 25 °C (inset: portable
detection terminal), the integrated main control circuit,
and the laboratory test setup for real-scenario simulation,
respectively. These results verify the sensor’s potential
for antifreeze detection, but its practical application is

limited by the gap between controlled laboratory condi-
tions and complex real-world environments (variable
backgrounds, temperatures, humidity, and antifreeze for-
mulations), which may affect detection accuracy and
stability. Field validation and targeted calibration are
therefore required for reliable deployment in automotive
and industrial settings.

4 Conclusions

Hydrolysis time is identified as the key regulator of
pore structure and surface chemistry in nanocellu-
lose-derived biochar. The optimally prepared CLN-3
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Fig. 10 a Response of the CLN-3 sensor to 1-5 mL of antifreeze (EG mass fraction ~50%) at 25 °C; b Circuit schematic; ¢ Laboratory test setup
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Table 3 The adsorption energy of a C,H;O, (EG) molecule on an oxygen-adsorbed defective graphene bilayer, and the adsorption
energy on an oxygen-adsorbed, calcium-doped defective graphene bilayer

SyStem Esubstrate Egas Emtal Eads. (eV)
0,-adsorbed on defective graphene bilayer —529.18126 —53.40601 —582.72402 -0.13674
Ca-doped and O,-adsorbed on defective graphene —534.90894 —53.40601 —588.71004 —0.39508
bilayer

exhibits a developed mesoporous network (46.36 Declarations

m? g71), abundant oxygen vacancies, and exceptional
EG sensing performance: a 17,576.67% response, a
0.36 ppm detection limit, and 40-day stability. DFT
calculations reveal synergistic mechanisms involving
hierarchical porosity for gas diffusion, oxygen vacan-
cies/groups for charge transfer, and Ca doping for
enhanced adsorbate coupling (E,4, from —0.13674 to
—0.39508 eV). Moderate hydrolysis balances active
sites and structural integrity. These findings establish a
general defect/pore-regulation strategy, paving the way
for cost-effective, sensitive, and adaptive VOC sensors
for safety and environmental monitoring.
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