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Advances in the application of biomass charcoal materials for gas sensing detection
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Abstract: The development of new high-performance gas sensors has become particularly urgent with the growth
of global energy demand and the aggravation of environmental problems. Biomass char materials are obtained
from biomass raw materials through pre-carbonization and activation treatment, which have unique pore structure,
large specific surface area, abundant surface active functional groups and active sites, and have great potential for
application in the field of gas sensing and detection. In this paper, biomass is classified according to the main
sources of biomass char (plant-based, animal-based, and microbial-based) as well as four common preparation
methods of biomass char materials (hydrothermal carbonization, activation, templating, and microwave pyrolysis).
The paper focuses on the recent research progress of biomass char materials in semiconductor-based gas sensors
and non-metallic oxide dominated gas sensors, including their applications as gas-sensitive materials for the detec-
tion of various types of gases. Finally, the current problems that need to be solved for biochar-based gas sensors are
analyzed, and ideas for research and development are proposed to broaden the practical applications of such
Sensors.
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Table 1 Physical and chemical properties of biochars derived from different feedstocks (mean+95% confidence interval)"!

Raw material pH Total organic carbon/% Surface area/(m?g™") Ash/% Total N/% Total P/% Total K/%
Wood 8.2+0.2 72.6+1.3 164.4+24.1 7.84+1.1 0.6+0.1 0.4+0.1 0.7+£0.2
Crop residue 9.5+0.2 61.1+1.6 109.2+1.7 23.60+1.7 1.31£0.1 0.7+£0.1 3.310.5
Grass 8.7+£0.3 63.9+1.8 63.4+2.3 17.90+2.3 1.2+0.1 0.41£0.1 1.7+£0.4
Manure 9.4+0.2 45.6+2.7 36.6+3.1 38.82+3.1 2.5+0.2 2.4+0.4 3.2+0.4
Sludge 8.7+0.5 25.1+2.7 28.2+4.3 63.30+4.3 2.5+0.3 3.0+0.7 1.1+0.3
Sec-biowaste 8.8+0.3 59.243.0 71.3+4.1 23.10+4.1 2.7+0.3 1.2+0.5 1.2+0.3
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Fig.1 SEM images of biochar prepared at different hydrothermal
temperatures: (a) Untreated sludge; (b) 130°C; (¢) 180°C; (d) 220°C
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CSBs

Exterior (x10 000)

Interior (x50 000)

CSB—Cylindrical-shaped biochar
€12 CSB800-CO,-30 ((a)~(c)) F1 CSB800-H,0-60 ((d)~(f)) Fih I KM F LA

Fig.2 Sample diagrams and surface morphologies of CSB800-CO,-30 ((a)-(c)) and CSB800-H,0-60 ((d)-(f))

AW TR, 458 %W, HNO; tk KMnO, #
AR A AR Y R R G AR R E R, i
NaOH 4b # H 7 M S R0, 5 304 4 o i 1 34
Jin. Mohammed %52 DL FE f SR 5T M HTORAK, 5
it B Ak R AR 27 3% 4k (KOH) 34 1 T 2= )5 F (0.
N. S, P, S)#B 4L Lk . Yumak %" D4
BAECRE, 43 3 L KOH Fl HyPO, M Ak 2436 AL 5,
i B % (KOH-K il HyPO,-K) Al ] 4% 1k 2 1 1k

(KOH-KB f1 HyPO,-KB), Ff 7& — 41 K¢ i IF &
T MnO, &4 £ 9 it & & #1 ¥t (MnO,/KOH-KB F1
MnO,/H3;PO,-KB), WUJH Tz, Hhp
KOH-K H A H R Z LA gity (K 3), BAER &
FFERL, RIS A ERE
2.3 WX

P o A W) B e R A RE R RO
Je il A EL A i 2 1 RURN AT 45 9B 25 A0 2 LA KLY

--

-

KOH-K, H3P0,-K—Direct KOH and H3PO, activation; KOH-KB, H;PO,-KB—Indirect KOH and H3PO, activation

3 iEPEAAY SEM Ef%: (a) KOH-K; (b) KOH-KB; (c) H3P0,-K; (d) H;PO,-KB; (e) MnO,/KOH-KB; (f) MnO,/H,PO,-KB

Fig.3 SEM images of the activated carbons: (a) KOH-K; (b) KOH-KB; (c) H3PO4-K; (d) H;PO,-KB; (¢) MnO,/KOH-KB; (f) MnO,/H;PO,-KB
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Fig.4 SEM images of hierarchical porous carbon (HPC) samples
at 2 000x and 20 000x magnifications

2.3.2 FBIMRE

BRORSEN 25 B2 50 W) e 2 e b R 1 AL B R
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CSs—Carbon spheres with developed micropore structures were
obtained without a template; CSF—A tubular structure containing
mesopores with long-range order was obtained using polyethylene-
polypropylene glycol (F127); CSI—Layered carbon containing
micro-/mesopores with short- and long-range order was obtained
using an ionic liquid
55 CSs(a). CSF(c). CSI(e) ¥y SEM Flf&; CSs(b). CSF(d) ¥
TEM [El1%; CSI(f). CSF (g) 1 CSI (h) (4R TEM K%

Fig.5 SEM images of CSs (a), CSF (c) and CSI (e); TEM images of CSs (b)
and CSF (d); High-resolution TEM images of CSI (f), CSF (g) and CSI (h)
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516 (a) Ni@NSiC /) XRD [&lii%; NSiC (b) Fil Ni@NSiC-900 (c) i) SEM 1% ; ((d), (e)) Ni@NSiC-900 /) TEM [#11%; (f) Ni@NSiC-900 () HR-TEM K%
(R L X L TRTET D)5 ((2)~(K)) Ni@NSiC-900 (G k4
Fig. 6 (a) XRD patterns of Ni@NSiC; SEM images of NSiC (b) and Ni@NSiC-900 (c); ((d), (e)) TEM images of Ni@NSiC-900; (f) HR-TEM image of
Ni@NSiC-900 (Inset figure SAED pattern); ((g)-(k)) Elemental mapping results of Ni@NSiC-900
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Fig. 7 Sensing range comparison of catalytic-type, electrochemical-type,

and metal-oxide-semiconductor (MOS)-type gas sensors'*)
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Fig.8 Morphological observation of obtained sericin capped zinc oxide
nanorods (ZNRs): (a) FESEM images of the top, cross-section and higher
magnification; (b) HRTEM images
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Fig.9 (a) Dynamic response-recovery curve and response time of the Co30,/biomass carbon (CoBC)-700 sensor to NO, at the room temperature (RT)

(Relative humidity (RH) 25%); (b) Response and response time of CoBC-600, CoBC-700 and CoBC-800 sensors from 100x107° to 0.01x10° NO, (Among

them, the histogram is the response value, and the linear graph is the response time); (c) Calibration curves of CoBC-700 sensor to 0.01x107°-100x107° NO,;

(d) Reproducibility of CoBC-700 sensor continuously exposed to 30x107° NO, (7 cycles); (e) Selective testing of the response of CoBC-700 sensor to various
gases; (f) Stability test of CoBC-700 sensor to 100x107° NO, within 35 d

P S5 AN 45 4 BT TR SR 1 5 R . Ak M
RHEA bR B L Rl R G R T A A R Ak R
IVRCE I BN N N (R b S e v S T
B o 8 UL 9K MOBHL SR IR 9 OR A L A S Y,
EATRT AR AR R 0 R AT, T A 4% e
Sk, WHERME . EEEAIEAEYE.

GRS ARAE SRS 1T 5 A v T
KA R B BERE . KT REIL AL HT | A% e i o 55
FHEAR, EFK, FE2HRER DT L
RYYR KR RGBS, S MR AL SR A R
PEAE T B AT REE
3.2.1 MY AR &R A ARG IR A

Parveen 25 ¥ DI 72 S JFORE, R FH Bk Bl B
KA B T A R AT A A R IR 9K e (GNS)-
Ag,S A MEH T =R MG A+, Ag,S-GNS
REAKZ SR, 54l Ag,S Pk TR AL, 7
T R A AR R . Ag,S-GNS i
B AR 2R KR 3 B0 150107 &S Y Fe K

N AT K 45.5%. Liu 2600 DU RRZE Ry w9k M40, 3 3
BA AL BRI £ B = e FLIE 45 0 1 A W I A
B, M T T Ni-Co-0 ZfLY4 K & & b k%
JRES o X NHg A R AF i sk 0 L = mi i (3%
107°~100x107°) . IRAGMFR (50x107°), R4 myfe
PG 7 ) L ol @b (7 A4S A ). Luo PV
£ 800°C & i T MBUBE JE 55 ) BB+ 52 il 4 1 PANI-
AC(R K i /1% Mok ) & 4 A kF (PANI-AC1 il PANI-
AC3) Hl PR AR . 52 PANLAH I, LT
PANI-AC1 il PANI-AC3 1% J&& &% 1% Wi 07 43 531 48 /25 1
1.34 fi5 Fl 3.16 £ . H¢ Bl & 7E % il 554 T, PANI-
AC3 AL JRAF XA TR H0Ch 10x107° 1Y H,S S A4 i
S {E AT 35 3] 8.6, Sankar 45 % 5@ oot 7 4 SR A W
JF % (PJBMC) | 4fi SnO, 44K ki, wizhifil4s T
A= ) 5 Ik 4 oK B A b R H PIBMC/SnO, 41k &
B AR TR AR A B S5 REW, 7E50C
SN, AL A AR Bk 90x10°° [ NO,
SARFI B Ik (31 0.9)% 1 R MU



BROBEAE AR TR A G T A 1L

10x10°¢

7x107°¢

[

5x107°

0 100200300400 500 600 700 3x10°6
6 k- Time/s

Resistance/MQ
[oe]

4 B 4
2 - L
0 1000 2 000 3000 4000
Time/s

300

250

200 r

Resistance/kQ

150 | | 94s

200 300 400
Time/s

1733
(b)

200 f
150 f
<
=
2 100 +
=
Q
2
&

50 ¢ y=19.76x+1.45

R>=0.997
0 L
0 2 4 6 8 10
Concentration/10°¢
(d) ___—NO, out

2.0 | .

1.5
®
=
51
E 1.0
[=4 if

0.5 |

0 L

0 200 300 400
Time/s

5110 (a) In,03-600 1ZHASTE 92°C XA FVEEE NO, SARBIM - R (b) Iny04-600 148 10 )3 5 A8 [R1HR B NO, SR Z 16 2
In,03-600 &2 %F 100x107° (c) Fil 1x107° (d) NO, A Sh 250 7 K A2l £ 07

Fig. 10 (a) Response-recovery curves of In,03-600 sensor to different concentrations of NO, gas at 92°C; (b) Relationship between responses of In,05-600

sensor and different concentrations of NO, gas; Dynamic response-recovery curves of In,03-600 sensor to 100x10™° (c) and 1x107* (d) NO, gas'®”!
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