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Carbon aerogels prepared from renewable nano building blocks are rising-star materials and hold great
promise in many fields. However, various defects formed during carbonization at high temperature dis-
favor the stress transfer and thus the fabrication of flexible carbon aerogel from renewable nano build-
ing blocks. Herein, a structural defect-reducing strategy is proposed by altering the pyrolysis route of

cellulose nanofiber. Inorganic salt that inhibits the generation of tar volatilization during pyrolysis can
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prevent the formation of various structural defects. Microstructure with fewer defects can reduce stress
concentration and remarkably enhance the compressibility of carbon aerogel, thus increasing the max-
imum stress retention of carbon aerogel. The carbon aerogel also has high stress sensor sensitivity and
excellent temperature coefficient of resistance. The structural defect-reducing strategy will pave a new
way to fabricate high-strength carbon materials for various fields.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lightweight, compressible and elastic carbon aerogels (CECA)
are highly desirable for biological signal monitoring [1,2], flexible
electronic skin [3-5], soft robot [6,7], supercapacitor [8-10] and
catalyst support [11,12]. CECA fabricated from renewable resource
represent a new type of substitution to carbon nanotube (CNT) and
graphene aerogels due to the low cost and environmental friend-
less of raw materials. Cellulose nanofiber (CNF) as a renewable
nano building block derived from various plants is abundant, low-
cost, and mechanically strong [13-15]. Owing to its high aspect ra-
tio and abundant functional groups, CNF can directly self-assemble
as or be used to crosslink other building blocks into lightweight
aerogels, which can be further annealed to prepare carbon aero-
gels. This type of CNF carbon aerogel has been applied in various
fields including energy [16,17], catalysis [18], and electromagnetic
interference shielding [19]. However, the serious structural shrink-
age of CNF aerogel during pyrolysis leads to uncontrollable mi-
croarchitecture and low mechanical strength (e.g., poor compress-
ibility and elasticity). Therefore, compressibility and elasticity are
the main challenges that CNF carbon aerogel faced.

* Corresponding authors.
E-mail addresses: mengling@gzhu.edu.cn (L. Meng), fexwpeng@scut.edu.cn (X.
Peng), Ixzhong0611@scut.edu.cn (L. Zhong).
1 These authors contributed equally to this work.
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In order to enhance the mechanical properties of CNF carbon
aerogel, additional components with high carbon content such as
RGO (reduced graphene oxide), CNT [8] or lignin [20] were em-
ployed to reduce the volume shrinkage and thus enhance the
structural stability of CNF carbon aerogel. For example, Liu et al.
[8] prepared an aerogel with honeycomb structure by using CNF,
CNT and RGO. Chen et al. [20] demonstrated that the lignin could
compensate for the carbon loss of CNF during pyrolysis and thus
reduce the volume shrinkage of carbon aerogel, resulting in higher
mechanical strength. Although additional nano carbons or carbon
sources can merely reduce the volume shrinkage of CNF carbon
aerogel in macroscopic scale, it cannot solve the inherent serious
carbon loss and structural change of individual CNF.

Structural defects will remarkably affect the mechanical
strength of materials. It is inevitable for CNF to form various struc-
tural defects during pyrolysis because of the serious carbon loss.
CNF is unstable during pyrolysis and will decompose violently to
release CO,, CO, alcohols, ketones, and other carbon-containing
substances with low molecular weight, resulting in a high element
(especially C) loss [21-23]. Usually, CNF will lose up to 80%-90% of
its mass during pyrolysis, depending on the temperature [21,23].
The mass loss inevitably leads to various structural defects such
as nanopores, cracks and sp® hybrid carbon for CNF-derived car-
bon aerogel [24,25]. These defects in CNF carbon aerogel will cause
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Table 1

The element analysis results of CNF aerogels and CNF carbon aerogels.
Samples Element analysis (wt%) C/H ratio

C H N S

CNF-A 34.43 5.624 0.00 0.055 6.1210
P-CNF-A 31.06 5.582 0.84 0.023 5.5645
CNF-CA 40.60 1.806 0.15 0.232 22.4752
P-CNF-CA 50.62 0.575 0.70 0.154 88.0678

poor stress transfer or stress concentration in the internal struc-
ture, thus giving up to poor mechanical performances of the car-
bon aerogel. It is also reported that sp? hybrid carbon is flexible
due to its sliding ability, while the sp3 hybrid carbon connected
by covalent bonds may cause severe brittleness and poor flexibility
because of its limited slip ability [26]. Thus, it is expected that the
reduction of sp2 hybrid carbon content will also lead to brittle car-
bon aerogel. The mechanical properties of CNF carbon aerogel will
be intrinsically improved if the defects could be reduced. However,
to the best of our knowledge, the effective method to address this
issue has not been reported.

Herein, we propose an effective strategy to reduce the mass
loss of CNF during pyrolysis, and thus significantly decrease defects
in the carbon aerogel without supplementing additional carbon
source or nano carbon. It is found that the addition of inorganic
salts such as NH4H,PO4 can increase the char yield by reducing
the volatilization of tar products, thereby decreasing the structural
defects (i.e., pores, cracks, sp> hybrid carbon) and finally improv-
ing the mechanical property of CNF carbon aerogel. The modified
CNF carbon aerogel can maintain 86.9% stress retention and show
low plastic deformation (10.8%) during 10000 cycles compression
at 50% strain, which enables the carbon aerogel to possess promis-
ing stress sensing performances with a high sensitivity. This work
provides a unique strategy to regulate various micro defects in car-
bon materials from abundant biomass to form advanced flexible
carbon aerogel.

As shown in Fig. S1 (Supporting information), CNF carbon aero-
gel was fabricated by directional freezing, freeze-drying, and car-
bonization. CNFs obtained by TEMPO-mediated oxidation and high-
pressure homogenization possess high aspect ratio (Fig. S2a in Sup-
porting information), and the carboxyl content is detected to be
0.948 mmol/g via conductometric titration (Fig. S2b in Supporting
information). CNFs were firstly dispersed in various inorganic salt
(NH4H2PO4, (NH4)2504, NH4C1, NaH; POy, FeCl; and H3303) solu-
tions. Then, during the directional freezing process, CNFs were ex-
pelled by the directionally growing ice to form aligned and con-
tinuous lamellar structure (Fig. S1). The formation of such lamel-
lar structure can be ascribed to the large aspect ratio of CNFs and
abundant hydrogen bonding among CNFs [27].

Char yield, volume retention, and apparent density can directly
indicate the mass loss and structure shrinkage of CNF aerogels af-
ter carbonization. As shown by the thermogravimetric (TG) analysis
in Figs. 1a-c and Fig. S3 (Supporting information), the char yields
of aerogels with NH4H,PO, (P-CNF-A, 38.0%), (NH,4);SO4 (S-CNF-
A, 18.8%), NH4Cl (CI-CNF-A, 20.8%), NaH,PO, (Na-CNF-A, 33.1%),
FeCl; (Fe-CNF-A, 21.8%), and H3BO3; (B-CNF-A, 29.7%) are higher
than that of pure CNF aerogel (CNF-A, 16.5%). Particularly, P-CNF-
A has the highest char yield among the selected inorganic salts.
Therefore, NH4H,PO, is selected as a high-efficiency inorganic salt
to fabricate CNF carbon aerogel. The carbon content (50.62 wt%)
of P-CNF-CA is also higher than that of CNF-CA (40.60 wt%) based
on element analysis (Table 1). The results confirm that NH4H,PO4
reduces the loss of element carbon. The macroscopic and micro-
scopic structure of P-CNF-CA (carbon aerogel with NH4H,PO,) is
also significantly different from that of CNF-CA. CNF-CA maintains
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only 8.48% volume after annealing (Fig. S4 in Supporting infor-
mation). However, the volume retention of P-CNF-CA is as high
as 23.9%. The apparent density of P-CNF-CA is 11.9 mg/cm3, only
slightly higher than that of P-CNF-A (9.48 mg/cm3). CNF-CA, how-
ever, has a high density of 18.3 mg/cm3, which is much higher
than that of CNF-A (7.04 mg/cm3). Meanwhile, the macroscopic
structure of P-CNF-CA at high temperature (being grilled in flame
for 10s) is more intact than that of CNF-CA (structure is destroyed
after 7 s) (Fig. S5 in Supporting information). These results indicate
that the CNF aerogel with NH4H,PO,4 and its carbon aerogel have
enhanced thermal stability.

The microstructures of CNF aerogels and carbon aerogels are
shown in Figs. 1d-g, Figs. S6 and S7 (Supporting information). The
lamella of CNF-CA undergoes severe shrinkage and crimp after an-
nealing (Fig. S6¢). However, P-CNF-CA remains the same lamellar
structure as that of aerogel before annealing (Fig. S6d), indicating
that the high char yield ensures the intact lamellar structure. Many
holes and cracks appear on the surface of CNF-CA lamellas (Fig. 1d
and Fig. S7a), while almost no hole or crack can be observed on
the surface of P-CNF-CA lamellas (Fig. 1e and Fig. S7b). Further-
more, CNF-CA lamella shows many bright spots with a diameter of
less than 10 nm, indicating the existence of micropores and meso-
pores on the lamellar surface (Fig. 1f), which is contrary to the less
nanopores on P-CNF-CA lamella (Fig. 1g).

To further give an insight into the structural defects of the
two carbon aerogels, more information about mesopore and mi-
cropore is revealed by nitrogen adsorption-desorption analysis. The
specific surface area of CNF-CA is 215.0 m2/g, much higher than
that of P-CNF-CA (88.7 m?/g, Fig. S8 in Supporting information).
Although the pore sizes of CNF-CA and P-CNF-CA mainly con-
centrate at around 1.27 nm (Fig. 1h), the microporous volume
of CNF-CA (0.0705 cm?3/g) is much higher than that of P-CNF-CA
(0.0258 cm?3/g). These results demonstrate that directly anneal-
ing CNF aerogel causes not only a large number of holes and
cracks, but also abundant mesopores and micropores. By adding
NH4H, POy, these structural defects are significantly reduced.

More information on the chemical structure and graphitized
structure is revealed by Raman, FTIR, and XPS. In the FTIR spec-
tra of CNF aerogels, a wide and broad peak at 3460 cm~! is
attributed to the stretching vibrations of hydroxyl groups, while
the peak at 1629-1614 cm~! corresponds to the sodium carbonyl
groups (Fig. S9a in Supporting information) [28-30]. As compared
with CNF-A, the peak of hydroxyl groups in P-CNF-A shifts to a
higher wavenumber (from 3405 cm~! to 3420 cm~!), indicating the
formation of hydrogen bonds between phosphate groups and hy-
droxyl groups. After carbonization, P-CNF-CA shows an additional
peak at 908 cm~! corresponding to P-O-H [31], demonstrating the
successful phosphorylation modification of P-CNF-CA (Fig. S9b in
Supporting information). As shown in P 2p spectrum in XPS (Fig.
S$10 in Supporting information), the fitting peaks at 132.8 eV and
133.6 eV can be assigned to P-C bonding and pyrophosphate, re-
spectively [32]. The introduction of thermo-oxidative stable P=0/P-
O bonds can reduce the carbon active sites and structure destroy
of CNF carbon aerogel at high temperature [32].

In theory, sp? C constructs the turbostratic graphene sheets,
while sp3 C indicates the cross-bridge among the graphene sheets
[33,34]. P-CNF-CA (Fig. 1j) has a higher sp? C content (71.0 at¥%)
than CNF-CA (45.1 at%, Fig. 1i), while the sp3 C content of P-CNF-
CA (14.7 at%) is lower than that of CNF-CA (36.8 at%). These re-
sults indicate that NH4H,PO, can increase the concentration of sp?
C during pyrolysis. The graphitization degrees of CNF-CA and P-
CNF-CA were further characterized by X-ray diffraction (XRD) pat-
terns (Fig. S11 in Supporting information) and Raman spectroscopy
(Fig. 1k). The XRD pattern of CNF-CA reveals a broad diffraction
peak centered at 26 =23.3°, representing the (002) peak of the or-
dered graphitelike structure (Fig. S11). The (002) peak position of
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Fig. 1. TG and DTG curves of (a) CNF-A and (b) P-CNF-A. (c) Char yield of CNF-A, P-CNF-A, S-CNF-A, CI-CNF-A, Na-CNF-A, Fe-CNF-A and B-CNF-A in thermogravimetric
analysis. SEM images of the lamellas from (d) CNF-CA and (e) P-CNF-CA. TEM images of the lamellas from (f) CNF-CA and (g) P-CNF-CA. (h) Pore size distributions of CNF-CA
and P-CNF-CA based on original density functional theory. C 1s spectra of (i) CNF-CA and (j) P-CNF-CA. (k) The Raman spectra of CNF-CA and P-CNF-CA.

P-CNF-CA slightly shifts to a larger angle (26 =25.2°), indicating a
decreasing interlayer space (dggy) of the graphite microcrystal. The
Raman spectra of carbon aerogels reveal two prominent peaks at
1343.1 and 1586.9 cm~!, corresponding to the disordered (D) and
graphitic (G) bands, respectively [35,36]. Ip/I is inversely propor-
tional to the in-plane size of the sp? C building blocks (La) [37].
The Ip/Ig of P-CNF-CA is 0.89, which is lower than that of CNF-CA
(Ip/lc =0.96), indicating a higher graphitization degree and sp? C
content of P-CNF-CA.

Above results clearly demonstrate that various defects, includ-
ing holes, cracks, mesopores, micropores, and sp> hybrid carbon,
will be produced during CNF annealing due to the significant mass
loss. NH4H,PO4 can significantly reduce carbon loss and defects,
but the change in pyrolysis route needs to be further clarified to
understand the defect-forming and defect-reducing mechanisms.

Generally, cellulose is carbonized to form char through de-
hydration, thermal scission, and aromatization of carbon residue
[21,38]. The incorporation of phosphoric acid, carboxyl or metal
ions catalyzes the decomposition of cellulose and promotes the for-
mation of carbon [21,29,30]. At the same time, volatiles (contain-
ing gas and tar) appear via other main pyrolysis route, resulting
in the decrease of char yield. The addition of NH4H,PO,4 results in
high char yield and different structures, indicating that the pyroly-
sis route of CNF is changed, and accordingly the products (i.e., char,
tar and volatiles) are altered. Therefore, the pyrolysis products of
CNF-CA and P-CNF-CA were analyzed to figure out the reasons be-
hind the increase of char yield and reduce of structural defects.
The pyrolysis products were characterized by TG-FTIR and TG-
gas chromatography-mass spectrometry (TG-GC-MS) from volatiles.
The pyrolysis process of P-CNF-A can be divided into three stages:
the evaporation of physically adsorbed water (stage I, <134 °C),
devolatilization (stage II, 134-368 °C), and the char residues for-
mation (stage Ill, >368 °C) (Fig. 1b). CNF-A also undergoes simi-
lar pyrolysis stages as shown in Fig. 1a. In stage II, P-CNF-A loses
52.1% mass, which is less than that of CNF-A (57.3%), demonstrat-
ing that NH4H,PO,4 can reduce the formation of volatiles. It can be

attributed to the phosphorylation at C-6 hydroxyl groups, dehydra-
tion and condensation of cellulose caused by the NH4H,PO,4 during
pyrolysis [39]. The maximum rate of mass loss indicates the max-
imum decomposition rate and volatile formation rate at a certain
temperature. The maximum rate of mass loss occurs at around 327
°C for P-CNF-A and is higher than that of CNF-A (290 °C) at stage
II, confirming that NH4H,PO,4 can delay the formation of volatiles
and change the pyrolytic route.

The TG-FTIR indicates the changes in volatiles of CNF-A and
P-CNF-A during pyrolysis (Figs. 2a and b). The absorbance inten-
sity at a specific wavenumber is linearly dependent on the rela-
tive concentration of the volatiles. CO, is the major gaseous prod-
uct of cellulose pyrolysis and is primarily generated via the decar-
boxylation reaction and the release of carboxyl groups [22]. The
bands at 2360 cm~! (corresponding to 0=C=0) in the spectrum of
CNF-A is prominent at 309 °C (Fig. 2a), exhibiting that CNF-A de-
composes violently into CO, at this temperature. In contrast, the
peak for 0=C=0 band in the spectrum of P-CNF-A is at 383 °C
(Fig. 2b), which is remarkably higher than that of CNF-A (309 °C).
These results again demonstrate that NH4H,PO,4 can delay the for-
mation of volatiles and thus increase char yield. According to TG-
FTIR, NH4H,PO,4 not only can delay the formation of CO,, but also
change the components of volatiles. In order to investigate the ef-
fect of NH4H,PO4 on CNF volatile components, the pyrolytic prod-
ucts of CNF-A and P-CNF-A at DTG peak temperature were further
studied by TG-GC-MS. As shown in Fig. 2c, various organic com-
pounds such as levoglucosan (LG, the main monosaccharide deriva-
tives), levoglucosenone (LGO) and furan compounds are formed
during pyrolysis of CNF-A. However, almost no characteristic peak
of LG can be detected in P-CNF-A, indicating that NH4H,PO,4 can
inhibit the formation of LG.

To the best of our knowledge, the anhydroglucose unit in cellu-
lose has two main competing dehydration routes (Fig. S12 in Sup-
porting information) [40,41]. In path 1, thermal scission happens
without the dehydration of anhydroglucose unit, leading to the for-
mation of tar volatilization. In path 2, the anhydroglucose units
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dehydrate before thermal scission, which facilitates the generation
of char. According to the above analysis, it is speculated that the
path 1 in P-CNF-A is suppressed during pyrolysis. Specifically, in
the path 1, the thermal scission between two anhydroglucose units
needs the participation of hydroxyl in -CH,OH. NH4H,PO,4 reacts
with -CH,OH in the anhydroglucose unit to suppress the thermal
scission in path 1, thus inhibiting the formation of intermediate
products (such as LG, as confirmed by TG-GC-MS) and the final
tar. As a result, more anhydroglucose units are pyrolyzed through
the path 2, in which the intermediate products mainly form the
four carbon residues through removing CO, CO, and H,O0. The four-
carbon residues further form char through removing H, and arom-
atization (path 2 in Fig. 2d).

Based on the above results, we put forward the mechanism
of structural defect reduce by adding NH4H,PO4 during pyrolysis.
As shown in Fig. 2e, severe thermal scission occurs to CNF with-
out NH4H,PO4. The intermediate products (such as LG) in path
1 mainly produce tar volatilization, which results in many de-
fects such as micropores and mesopores, and thus giving rise to
char with low graphitization degree. However, with NH4H, POy, the
thermal scission molecules are converted into char during pyrolysis
(Fig. 2f). The esterification of NH4H,PO4 with C6 in anhydroglucose
inhibits the cyclization reaction to generate LG in path 1, thus re-
straining the formation of tar (Fig. 2f). Therefore, NH4H,PO4 can
improve char yield and reduce tar volatilization by changing the
pyrolysis routes, which finally inhibit the formation of defects such
as holes, cracks, pores, and sp3 hybrid carbon.

To figure out the influence of defect on the mechanical per-
formances of carbon aerogel, compressing tests were carried out.
Irreversible deformation occurs to CNF-CA after 100 compression
cycles at 90% strain (the inset of Fig. 3a), and the maximum stress

retention is 52.3% (Fig. 3a). By contrast, P-CNF-CA can almost re-
tain its original shape (the inset of Fig. 3b) and has a higher stress
retention of 65.7% after 100 cycles at 90% strain (Fig. 3b). The
lamellas of CNF-CA and P-CNF-CA after compressing for 100 cy-
cles at 90% strain are shown in Figs. 3e and f. Fracture happens
to the lamella of CNF-CA, caused by stress concentration around
holes and cracks (Fig. 3e). In contrast, P-CNF-CA remains the intact
lamella after 100 cycles at 90% strain (Fig. 3f). To investigate the in-
fluencing mechanism of the structural defects on the compressibil-
ity, finite element simulation was carried out. As shown in struc-
tural model of CNF-CA, the holes on the surface of lamella will
cause the stress concentration and result in fragile structure dur-
ing compression (Fig. 3i). However, the stress on the model of P-
CNF-CA can effectively transfer (Fig. 3j), demonstrating that intact
lamellar structure with fewer holes, cracks, micropores, and meso-
pores can reduce stress concentration during compression and thus
give rise to higher mechanical strength. Moreover, the higher sp?
hybrid carbon content and lower sp3 hybrid carbon content can
improve the inherent flexibility and reduce brittleness of carbon
lamellas. Meanwhile, P-CNF-CA can be cyclically compressed and
rebound at low (liquid nitrogen, Fig. S13a in Supporting informa-
tion) or high temperature (alcohol lamp flame, Fig. S13b in Sup-
porting information), indicating its high mechanical performances
in extreme environment.

The fatigue resistance of P-CNF-CA was further tested at 50%
strain for 10000 cycles (Fig. 3c). The stress-strain curve at 10000t
cycle is similar to that of the first cycle. P-CNF-CA can maintain
high stress retention (86.9%) and show only 10.8% plastic defor-
mation (Fig. 3d), indicating excellent fatigue resistance. After be-
ing compressed at 50% for 10000 cycles, the lamellas of P-CNF-CA
can be well maintained, without apparent cracks on the lamellar



H. Lai, Z. Chen, H. Zhuo et al.

Chinese Chemical Letters 35 (2024) 108331

a 200 € 6l—cyce1 i 1 froose

—— Cycle 100 X =1

1504 — Cycle 1000 =5 s

< $ 4{—Cycle 10000 ° =

§ i E 604 |- 60 E

1001 Stress retention=52.3% P4 2 )

2 ] B 4 Fao 95

g ——Cycle | g 21 ~ 5

& 507 —cyele 10 07 —cycle 10 7] 2 00 Lo o

Cycle 100 Cycle 100 2 -

04 04 = 04 @ ] /""/'-._'/‘ 8

0 20 40 60 80 0 20 40 60 80 0 10 20 30 40 50 D 2000 4000 6000 5000 10000 =
Strain (%) Strain (%) Strain (%)

CNF-CA

P-CNF-CA Low

Fig. 3. Stress-strain curves and digital photographs of (a) CNF-CA and (b) P-CNF-CA at 90% strain for 100 cycles. (c) Stress-strain curves of P-CNF-CA at 50% strain for 10000
cycles. (d) Compression stress retention and plastic deformation of P-CNF-CA during 10000 cycles at 50% strain. The SEM images of (e) CNF-CA and (f) P-CNF-CA after being
compressed for 100 cycles at 90% strain. SEM images of mesoscopic (g) lamellar structure and (h) lamellar surface from P-CNF-CA after 10000 compression cycles at 50%
strain. Finite element models of (i) CNF-CA (a lamella with holes) and (j) P-CNF-CA (a lamella without hole) upon compression.

15 60
a P-CNF-CA b %ompress C o] ,n’,,
« > a
100 4 ]
< Cu < Releas -0
g & g 40+ 804
= 10 ~
+ 2 |P-CNF-CA 60 f;
o o
=1 =1 404 &
A 527 ¢ S=128kpa’l
S &) ] -
. ff’ R%=0.988
10%,30%, 707 5
(I) 5'0 160 .I;O 200 250 300 0 i Il (IS é llﬂ
d Time (s) ¢ Stress (kPa)
2514 '— ~ '4 ~ ’
: ,
- E KN g
N = K/
g 249 % .
E 248 4 E
U o 0.6 4
247
0 A s ; R 12 6 0 2 __ 4 s g
Time (s) h Time (s) " Time (s)
g 354 1 O Strain=16%
— c{ 2 Alm‘ O Strain=30%
it o o Strain =43 %
G »{  TCR=-0987%"C < g ®ea., £ Sminerin
Py Y g @ 1200 L
o b Q 5.9
=1 by b=l & =1 S o
S 204 00 —20°C| § L
2 8 TCR=-0505%"C | B —-10°C| .2 ¥
S s L 3 — oc| & °-0.o
~ “8 x —— 10°C | & 40 $°-0-0.o
10 Sog o s 20°C VVv-v-v-v-v-v
S — 30°C y
40 20 0 20 40 60 80 100 120 10 05 00 o5 10 0 50 ) 0 80
Temperature (°C) Voltage (V) Temperature (°C

Fig. 4. (a) Current stability at 10% strain for 1000 cycles. Inset: a schematic of sensor assembled from P-CNF-CA. (b) Real-time currents at different compressive strains. Inset:
schematic of lamellar structure change from P-CNF-CA during compression. (c) Linear sensitivity in a wide pressure range of 0.1-9.6 kPa. Current signals from (d) human
arm pulse, (e) bending finger, and (f) speaking “Hello”. (g) The temperature coefficient of resistance (TCR) for P-CNF-CA. (h) Current varies with the voltage from -2 Vto 2 V
at different temperatures. (i) Thermal sensitivity curves of encapsulated P-CNF-CA at different strains.

surface (Figs. 3g and h), suggesting the high structural stability of
P-CNF-CA.

Encouraged by its aligned lamellar structure and mechanical ro-
bustness, P-CNF-CA can be considered as a promising candidate for
piezoresistive sensor. P-CNF-CA was encapsulated between two PE
films with copper electrodes to act as a sensor (the inset of Fig.
4a). The fatigue-resistant structure of P-CNF-CA ensures the sta-
ble and regular output-current signals at 10% strain for 1000 cy-
cles (Fig. 4a) and at 70% strain for 850 cycles (Fig. S14a in Sup-

porting information). P-CNF-CA also shows regular output of cur-
rent at various strains (Fig. 4b). The current rises continuously with
increasing pressure or strain (Figs. S14b and c in Supporting in-
formation). When being compressed, the conductivity of the car-
bon aerogel is improved since adjacent lamellas contact to form
more conductive paths along the compression direction (the in-
set of Fig. 4b). To evaluate and quantify the sensing properties of
P-CNF-CA, sensitivity (S, the linear relationship between applied
pressure and current change) and gauge factor (GF, the linear re-
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lationship between applied strain and resistance change) were cal-
culated. As shown in Fig. 4c, the sensor shows a high sensitivity
of 12.8 kPa~! with good linear relationship (RZ=0.988) in a wide
pressure (0.1-9.6 kPa, equates to 2.5%-68% strain), which is supe-
rior to those of many other pressure sensors, such as GO-based car-
bon sponge [42,43], CNT-based elastomer [44], and MXene-based
textile or aerogel (Table S1 in Supporting information) [45-47].
Meanwhile, the detection limit of the sensor is low to 29 Pa (Fig.
S14d in Supporting information) and the sensitivity is 1.88 kPa~!
at a tiny stress of 0-290 Pa (Fig. S14e in Supporting information),
which ensures the signal capture of small pressure. Within 10.9%
strain, resistance response (AR/Rg) increases rapidly and linearly
with a GF high up to 13.5 (Fig. S14f in Supporting information).
The current response of P-CNF-CA at extremely low and high tem-
peratures was further analyzed. It shows stable current response
when the carbon aerogel is compressed on a liquid nitrogen re-
frigeration platform and heating stage in air at 50% strain for 100
cycles (Figs. S15a and b in Supporting information).

Due to the stable and highly sensitive stress-current response
performances, P-CNF-CA was assembled into a wearable sensor
to detect stress variations caused by slight movements of human
body. When the sensor is worn on the human wrist, it can de-
tect slight and regular signals from fluctuant pulse with an inter-
val pulse of about 0.93 s including three characteristic peaks from
different intensities of pulses (Fig. 4d). As the finger bends and
straightens, the current signal fluctuates up and down repeatedly
(Fig. 4e). The sensor can also detect the slight motion of skin by
speaking the word “Hello” with two characteristic peaks, when the
sensor is attached to the human throat (Fig. 4f).

Furthermore, it is found that the resistance decreases with in-
creasing temperature (Fig. 4g), indicating that P-CNF-CA is a neg-
ative temperature coefficient (NTC) thermistor. As the dynamic re-
sistance response shown in Fig. 4g, P-CNF-CA displays a good sen-
sitivity in a wide temperatures range (-30-20 °C, TCR=-0.987%/°C,
20-120 °C, TCR=-0.505%/°C). The charge transport in P-CNF-CA
mainly occurs through the carbon structure transport (such as car-
rier hopping). The rising of ambient temperature will increase the
carrier density, leading to higher conductivity [48]. The current and
voltage change linearly when the temperature is constant (Fig. 4h),
which reveals the thermal sensor has a stable output at a con-
stant temperature. To explore the influence of compression degree
on the temperature sensitivity, the temperature-induced resistance
changes of P-CNF-CA at different compressive strains were further
tested. As shown in Fig. 4i, the resistance at the initial tempera-
ture and the sensitivity at different strains decrease with increas-
ing strain. The sensitivities of the thermal sensor at 16%, 30%, 43%
and 53% compressive strain is -1.07, -0.864, -0.759, -0.629%/°C, re-
spectively, indicating the sensitivity of P-CNF-CA can be easily ad-
justed by changing the strain of P-CNF-CA. Considering its thermal
sensitivity, the sensor also can be explored in detecting the change
of temperature. As shown in Fig. S16 (Supporting information), the
resistance of the thermal sensor decreases from 430 2 to 288 Q
as the thermal sensor is placed from room temperature (30 °C) to
the hot water (90 °C). Then the resistance rises steadily with the
dropping temperature of hot water.

In summary, CNF is thermal instability during pyrolysis because
the directly thermal scission produces large amounts of intermedi-
ates and thus tar volatilization, leading to many defects of carbon
aerogels. To this end, a structural defect-reducing approach is pro-
posed by altering the pyrolysis route of CNF. The esterification of
NH4H,PO,4 with C6 in anhydroglucose inhibits the formation of in-
termediates and the volatilization of resultant tar, thus restraining
the formation of various defects including holes, cracks, microp-
ores, mesopores, and sp> hybrid carbon. The mechanical stability
and fatigue resistance of the CNF carbon aerogel with NH4H,PO4
has been significantly enhanced, since the decreasing structural de-
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fects can effectively reduce stress concentration. These advantages
endow the carbon aerogel with highly sensitive piezoresistive re-
sponse (sensitivity =12.8 kPa~!) and excellent temperature coeffi-
cient of resistance (TCR= -0.987%/°C), ensuring the stable use in
flexible sensor, especially pressure sensor, temperature sensor, and
aerospace Sensor.
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