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Figure 1 (Color online) Schematics of catalytic hydrogen sensors. (a) Pellistor element; (b) thermoelectric type
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Figure 2 (Color online) Sche]matics of electrical hydrogen sensors. (a) Amperometric hydrogen sensor; (b) Schottky diode hydrogen sensor; (c)
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Figure 3 (Color online) Schematics of different types of fiber-optic hydrogen sensors. (a) Micromirror hydrogen sensors; (b) Fiber Bragg grating
hydrogen sensors; (c) Fabry-Pérot hydrogen sensors; (d) surface plasmon resonance hydrogen sensors; (e) stimulated Raman scattering hydrogen

sensors

208



P A

Serg 20 i 5 | TREPHOGH AR s 2R 25 4 R 4 v
FBGE a1 R Sk, i v B b
BOCHECEFFBGALZE i T4 38 SO i, JfAe
RIMHEP-WO, IR, H RS 4 A S FBGIE AR
1.554%.

FBGEAL A T K haG I o7 =X, SR B
A Ty R R A e 4545 B SR B LA S B A )
FOAH RS, (A LA CEF LA, AP FBGEUE
SRS AT AE R —AROEET A B A EsH, [ s
TE . WEAFIAEE S, A S S AR 2 A
B EAME, RILFBGEUL A H R Al A A%
TR I RIS B,

33 X

e RO AL AR T AR 19844F, But-
ler'™'# FiMach-Zehnder T-#3 fil3& T 1 5 45—
FAAERSS. T d AR AT E
(B CET )RR R G AL, P (558 L — 2 &
el H—FKENSHE, HE A, SEbkzZ
AR R AN, FEOCEKE R, FY
BB ERE 2 e 2, Kb n & ETH,
oA B AE 7 £ B AT B AR, B LT
AN EBAHE T R EE ] L4 A Mach-Zehnder(M-Z)
. Michelsonz™. Sagnacz'*’'ll & Fabry-Pérot(F-P)
A TR A AL IR A R 5 ) R A R b
HOE B YE, (AL 8 IM-Z 2045 1 3 AL B g 4 1
WA 2, D2 BT, B CETHilE T 2 ANk
KR, W KEMEOEHON T 56 er g )y T AL
MW AL RIS, i, Duds A
TR OGO T A AR5 BB 3T 5 R EF A% O
WA T — IR GRS i, a7 —A
RIM-Z 6. SER MR R0, %A% A i R U N
—1948.679 nm/%, WLIHIZY38 s, AR ELi/N T T
WA G AL RAR I RST,  I f2 52 B0 FIRH I s [ o A
T LR AT

AH LA LR T O RS, F-PeURIERER AN
T LI ZRINGRE, ARG NI 2 B s P gl AT S 81
ZHROET W, Wk TS T WA ULRG 5 Z 5%
TP A LS A . F-PaXUAB AR I AR 4G
FIUNEI3 ()7, O GET i 1A R AR A 1l P A A
AT ST, RS T2 A B A SR F-P RS A, Rk
JEM IR SR R AT AR MUK, 50 R G

ARAk, SR BRI O I
Ay = i SE, (5)

K, LRI, ALK AR, A, 0SS
BXF IR, A W I KA T 800 RS EiS 4y
W K BT 1. SR AR LA SR R A, B
7% T AFPAEEEF-PA A UGBS S T ERE. LI &
PR, PARRJE H75.6 nmit}, (58RI 27 AP R fe £, o Ry
AR 18 s, RAEEZH0.25 pm/ppm, 17 M b7 it 8] 1,
2 BN ETHRPERISE IR, AE AR BE A% It i g Fsf [ A
X Lige N YR AR AN Bt T — ol gk
F-PRAULIRAR, AL — B R X OB i — Bess
DYCEFAL AL, FE0~2.4% S0 R B 75 Bl N B9 R B
—1.04 nm/%, WARIAE] K80 s. XuZE N HEF-PHEL A
FCLF EANE R A s P FE i AR A, 2R T
RPPEMPTTIRRE ). SCI R, S T BRI %
TR TE 0~4% S0 B Y T N 19 R A0% A Tt g

B, M B IE] DA 120~150 s, EARVT I BFFTIER] T F-
PR AL IR AT 5 R SR A IS4 R, i iy
R (— K20 5), A Fridt—2 pioE S5 ekt

3.4 A AF AR X

P 5 B R ILR (surface  plasmon resonance,
SPR)ZFRCTEICH 263 Gl W 2 4 J| ) At Tl & A= 2 I
SR, AR B S 4 B AR ) H B R
T B 2 T 55 15 1 AL o Rk ARV RC I, 2 A
iR, RO RE ORI, REDOLER AR T
W0 ke 1T i (6)15 51

Emfd
EmT &y

_w
ko=

; (6)

KA, 0 IR, cHIEHE, e egdd R4 Jm FIAEE
PRI LA, HINE VST AT SR 7. Jeer
FISPR AL ARG MI I3 ()BT, FECET s
—J24. R, SEEAENE AR, ERSKHET,
AR RT3 B e e L T T N g S
WR AR, B G R A i AS, it
G I A 1 258 oo 9 728 A S PR R0 (ARG A —
Fhsl b 20 R AU A A R L S 254, R
AR, A 3 G AT SRl Ao A 3 Y P A
e S PRI,

JEEF SPREA L RS OB 9T £ B4 vh T4 L
FHURBE R BT 25 )7, Aray25 AP BFE T —FhgK

209



M % b & 2023518 %68k 23

Mo O 1% 82 % i v 7 BB 1) Joy ol 2 1 46 15 - I AL
(localized surface plasmon resonance, LSPR)E(‘A%/E%
v, BRSS9 K Z5 8 1Y) a-MoO, 1R Y 45 125 1~
REFPESCEAE IR, FF7E150~2000 ppm &SR VT BRI
HIATINR, %L A1) R A% 438.1 pm/ppm.  Deng
2t N B T — R0 L T Ag-TiO, T 1 6 £ 4 5 b ik
R B TR IRL RS, AglE R RIS E T
W& JE AR, TIONE N E B BRI E R, HRPEAE
MR, WFRRW, EE R R14.7%~25%,
SR G R R, MG EAH I R A 523 nW/%.
JE2F SPRIAC A UL AR AR H il T ) SRRy, i o 3
FER, AHARE /N, A REE— 20 o 5 et

3.5 hrgEest

P2 (Raman  scattering) 243 T N IR sl A2
FEFEETCIUR SO A BRI 7 A A R S G B,
BTG AR I RE 0. P2 B Y
U TR 5 ASESREE . 43 2 Rl a8 i AR vk
JERIE, P B el UE B 2 2k T ixX A B
JEFHBETT Y. 4N, Adler-GoldenZ AW T —Fpst
F Ll E s S A P2 B S UL R, R
JEZ)25100 ppm, [ B A LD, P2 dUAES
1R IRGR IO SR, AL HA AR SRR, FLi
MR, B A &b S EUHE E RS, AFTR,
R FHOR FBORK SR 2 BUHE S

ZIPL S HUS (stimulated Raman scattering, SRS) /&
A S HUR AR Z —, B TARL MR 2
PR, e ) 2R A ) R VR R A ok e G TR
K mEBEFTR, MR Ro, el
R ZH IR Ao 5 7 WIHR BN SR BT A3 DT
BeAss, AP AR EEREAR, T SR 45,
ril =2 iR AR Al T S SR BE AR, AR LT
H A2 WU, SRSHBEHE S, RS2 T
AL (hollow-core photonic crystal fiber, HC-PCF)™> "
Mg G, ER LA TP B T AR AT i 45
YangZ§ A7 "0t 3 T HC-PCFY 32 i & U st A<
TRIEASHEAT TOF9Y, BB A AR BR AT 1517 ppm,
XS T 100 mo3 A AL RS, 20A% JEats B mie) 17 Fsf 7]
INT60s, FA KN R H883 ppm, ZE[H 53 HESN
2.7 m, XJHHMOC R A UL A R A B Qi
25 NPOHRAE T —Fh TR 27 4k S A 5805 SRS
ARUGIRER, RITEAHFI IR, TR 4

210

1Y SRS AL B 1 7 2 1 4 A MR LU A L 2 T HC-
PCFAYSRSZRGHS R T 85, i TSRS
LRI Y RAELE. SRR, AR R BRI T R AT
A3 ppm, MRS 10 s, BRILLIAN, tn] DA
Hopth Iy 3 smbr 20U, PGEFHLE IS H A (ther-
mal-lens Raman spectroscopy, TLRS)'*"\ 75 328hr
2% F R (photoacoustic Raman spectroscopy,
PARS) "4, Spencers: A FHFT I A PARS SE 1
GrSi il T AR AN, HAS IR PR 4.6 ppm. SR
I, RPNk v RN TR s, A fREiE—
RIS Ik

P2 U SR B TE A0 T A 1 38 S
TRURR I, RAE G, ma TR, DR TR AT
RV SAL AR, (EAR LU E RO e S H A S A
IR LIRSS, h 2 WU E LA OERE AR,
W T B S DRI TR AR s ImdRTs il 48 S5
g, M H 2B S ARAS BT SR E, &
FEUG AT

3.6 AN AL U IR

Haly, Jeer iSRG s fl & O 45
FRF—Fpaity, Rk MEC. FBG. F-P=UH
HE5G, R TREARASMGEDS, FLER Tikhp
— B ERAR NI L R AT R R A SURURR M, [RIRT S
JESR R T 5% AP R i 7 S . LuoZe NI T —
i A 280 - Au-PAJEF-PHE K A FBGYG AT 4H B Y
e R HURE PR N SRS B 4(a) WAL B 1 4G
¥, FBGIEN VB R85, FRGHESSF-PHLM
RAHEE AT, MF-PIEIERES A% He B2 =+ LA,
T4 o i Y R AR, A XA iy A T T 0
R, R IZAT RS ] 7 B[] 5 S v BE PR ARG, 7
3.5% AR T BRI AL 4.3 s, Yee Nkl fE
T — e B AR AR B R s i AR SRR, Horp
AAGE A BRI, T A I U 5 FB GO
WS, anE4b) s, 2R SR R AR ASE H
K ICERPI AN FBG I SHIELL AL, SR FBG LRI EE
LI RS 2 o/ IHE IS 2 2SR B, S Tk
M S UG R A MR . VR R 2 S H0

BR T8 WA LR R A SR S, iy — sk
T SRR LR SR T R A AR RS, B,
Zhang % N FH B0 - BB LT S5 B R) T—Fif
AR, I W R R K 1 3 S i 8 S P



P A

(a) BRI -Au-PdEE

m

\
FBG F-P Tz

(b) BRI AR WO, PTFE
\,
N
7 7
FBG1 FBG2 Pd Pt

B 4 (FI4RU% () B A RORA AL RS (a) FBG-F-PRUA/ULIEARAUZ5H4™; (b) FBG-iBE R AU L A i ik
Figure 4 (Color online) Two kinds of composite fiber optic hydrogen sensors. (a) Structure of FBG-F-P hydrogen sensor *; (b) structure of FBG-
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Figure 5 (Color online) Schematic of the surface acoustic wave
hydrogen sensor

— L TGRS A BRI I SAW ST TRk
¥, FEEIR T 0~3000 ppm & SR L N, H AT
42070 Hz/1000 ppm, ZJ&E A1 BIHSAW H ALK
AAORE, M N S ] SA76 s.

5 S LIRZRTA L K i IR L

El6H 5t T 2000~202 1 AF A [A] 2R A S S AL AR T
TS SCHIBCR B T Web of Science), AJ LA PR
Y204 AT IR F A AL AR ) R SRR K
HALSE . PR RD A AL AR SRR R 2 T
HEAL T FISAW BL A AR IRER, T WA ARIFSE 7 1] Fl
T HL A R R G R S S AL .

PR T —LeSCHR P BB U i A AR TR . X
TR SRS, BT A G A A
[, fhn, PR ARG ERES, 7% IRIE AR DIFEA
BRAEIREE, WRAUE A SPE AR fih
Tt HL R DA R VR s, AT AL B ) 2 B O
R ARG SRR, e e N s R PRy, AT
oo AR, B S AWZAL S A4 0 137 N ) 38
INT10s, AARZESR, P RARCRISPREAL B4R (141 ]
B (A1 AL 30 s, Yttt T eb R UL s
(R 7 I R K 2761 minZE L BB K. P ARIZEA
& R 1 R AR SR A TR B i, PR] L AR S ARG
TFRREEAT . TR SAWR AR S HUF AR
& %A% B AR IR B B R A A 28 A, mT LGk F|
10 ppmPh 5 fEAE A RIGEF B S AL AR FR I T BR
KEAILHppmZafy. LA R HUE 222 8 &35
Bl IS I N0 3 DA R b A A A R B 25 R R 1 5
e, Y B AU S RTS8 1) R U 7™ A AN [
JERMR. X TR R SRR, SPRAEHIT Y
REUERXTEE R, TLGARI0 nm/% LA L, (HIEX PiFh

212

3500

000 | TSAW
B y¢sr

2500 |

e oy

% 2000 | T

S Begiyz

& 1500 [

=
1000 |-

500 @ @K

6 (MZEMUR (0)20004F LIRS R R A UL B TS E
Figure 6 (Color online) The development of different types of
hydrogen sensors from 2000

IR 5 32 MR TR TR St S8 M X
fit, HBEFERIES nm/%LAT, H5) TR EHME
G121 s w5 O s ol O A [ 2 P N 8 =57 5 29
SIS ORI T AR P L e T AR U A
HEHHE AR T R B, i, flBaCA =
B A S O ARG T BEK 22 8 T B G o B2 41 il
% R ROCHRBA 25 BRI RO, Nk
VAT 4 T X P RMG IR AS ) RO . e U R 1A
WAL T LTI WP, (HEEH BRI (i HCE 5B
oA 7S U U B H ARG e b,
DUFAAE TG T BRAK o L i )R T S
HHOG - RGN S 2.

gi LR, AR S UL IEAR A S R T B
IR PR, SR AR B s, R Mid100°C, FAAE—E
142 xR, i ELGE T FR e S A7 A S SURBURRE, fi
FHRFPREE b A F AU 2 B AU S A
BRSPS, 2 T AR, H
H R AR W U, (7o 5 =2 B I
PR, HHAE SR T AE 2 A i AR, FTTER
I I AR — S 2 Rl D2 BUAL RER W TRE
AU R A, SIS T R/ R R A R I T
AR, T HABTZ 4 TR BT, 5 T8
LA I, (E R BTN PSS A R BRAR, ELAS
RS, SRR SR SR I R ¢
P RUAL RER ) RABRE G PR, (ER g I e
ARE, A FriE— L B

FeA TR R SRR AT T et federd
2 T LA RERAF I R A U iAs. HATT g b



P A

£1 ZMESERBHN LY

Table 1 Comparison of various hydrogen sensors

B SR Gl (ppm) RIGEY KW FR(ppm) W) (s) pliFeZS T SCHk
fEfboT TiO,/Pd/Pt 5000~50000 / / 10 0~60°C, 50%RH [80]
eIl Pt 20~20000 / / 0.36 20°C, 20%RH [14]
PEAETTCHE 7S HESE (HDA)/ P KSR I 0~10000 2.5 mV/100 ppm 100 1.6 i, 10%RH [81]

g Pt 500~30000 / <500 60 35~125°C [82]

e Pt 500~10000 / 250 40 ZE-200°C, 0~100%RH  [21]

b Pt/Ag/AgCIHLIR 100000~1000000  2.04 pA/% 7900 50 22°C [83]
Ak PYCHIMKL, Nafion& 5 Hifift it 1000~12000 / <50 20~50 25+2°C, 76%RH [84]
A PtHL %, Nafion [ 25 H fif i 10000~80000 11.7 pA/(cm’ %) / 12 25~65°C, 98%RH [85]
ik PR, [TMBSA][HSO,]HLff# 0~1400 25.8 nA/ppm / 25 i [22]
A A Pd/Ga0,/GaN 5~10000 / 5 22 27~160°C, 0~60%RH  [86]
RS UN PY/TiO, 30~1000 Rs"=200~6000 30 10 R [87]
Sk Pd/GaN 14~9970 Sx"=12744 14 14 27~297°C [88]
EESEEN Pd/GaN/GaO, 0.1~10000 Sx=180000 0.1 133 27~200°C, 0~60%RH  [89]
EESEAN GaN/AlGaN/Pt 0~10000 Sg=2700000 <l 17 27~250°C, 0~45%RH  [90]

HLAY Pd 0~40000 S=3 / 2.1 EiR [30]
B ARG Pd 10000~1000000 / / <5 -196~23°C [35]
LI BE Pt/WO, 0~40000 18.04 nm/% / 5 0~50°C [36]
D et 110 nm Pd/WO; 0~90000 0.005 nm/% / <90 / [91]
JCELHE 110 nm Pd/Ni 0~40000 0.015 nm/% / 240~300 23°C [92]
JCEF 100 nm Pd/Ag 0~40000 0.01 nm/% / <240 27°C [93]
pleapini] Pt/WO, 400~40000 0.629 nm/% 200 10~30 20°C, 27%RH [41]
LM Pt/WO, 0~40000 2 nm/% 10000 / >-30°C [94]
KT M-Zz{, PYWO, 0~40000 0.66 nm/% / 120 25~90°C [95]
ST Sagnacz,, PtYWO; 0~10000 7.877 nm/% / 60 30~70°C [96]
LT F-Px{, 20 nm Pd 0~80000 18.75 nm/% / 120 0~100°C [44]
KA T F-PX, 5.6 nm Pd/3 nmEIF A 0~30000 2.5 nm/% 20 18 =i (73]

SPR 5 nm Pd/7.47 pm#%4>ka-MoO, 150~2000 381 nm/% / 888 ikt [51]

SPR 35 nm Aw/180 nm Si0,/3.75 nm Pd  5000~40000 1.5 nm/% / <15 -4/ [97]

SPR 25 nm Au/60 nm Ta,Os/3 nm Pd 0~40000 7 nm/% / 15 / [98]
/U / 10~50000 / 47 <180 E ik [56]
A=k Ch] / 0~500000 / 8834 =) <60 / [58]
EV=E e / 0~500000 / 3 <10 EiR [59]
FH AT Pd/Cuffi KLk )2 1000~45000 1.5 kHz/% 7 <4 25°C, 35%~77%RH [76]
AR PA/Nigi AR LR )= 3000~35000 1.65 mV/% 7 <2 25°C, 0~60%RH [75]
FE AT Pd/SnO, 100~2000 579.5 kHz/% / 24 25~275°C (78]

a) /R ST BAT TRAEEUE; b) RGNS S8 05 SR BRI LU, 28I RGN R GE—, o T Tl LEES, 48—
T (RIS 0 R B ) SRR FPlEA TN i BV P, I Al P, 3O L G TS BRI S ] S 231 BBl N ) e (R ) Rg: NI
SARE TP E 52 TP A BB LU, Se: ARIERE AR THE 5 2 P B B LU, Se: ARETHRE TR A H 52 <
B AR O

MU A LR . ey, RS ARADLS (e, Al BRI SR U R s T S
B, RO A UL BRI 2, HRH Bk, SEoiik. 2% EC. Mk, MRESEAh LY
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Table 2 Commercial hydrogen sensors

L

SR

TRRETE WA TARRE AR

e i R (opm) S (%FSY) ®) ©0) (%RH) A (4R)
Hfb2 IR ﬁifﬁgg' 0~40000 10 ppm +3 <15 0~50 15~95 10
CiR s ETRR MIX8060 0~1000 0.5 ppm £2 <60 —20~50 15~90 10
LAk EC TB600C 0~40000 100 ppm £5 <3 -10~55 15~95 3
A Gk WY TGS2615-E00  40~4000  R” = 0.55~0.75 / / 2042 65+5 10
SR Bk MIX1008 100~1000 Ry <02 +2 <15 2042 5545 10
RSN Sy 5 MQ-8 100~1000 Ry < 0.2 +5 <15 2042 5545 10
itk Wik HD-T1000 0~1000 0.1 ppm +3 <20 —20~50 0~95 3
fiEfk etz B10 0~10000 500 ppm £5 <30 —20~60 <95 3
Het K[ ¥ S 100~10000 / £5 <20 —50~120 <95 /

a) “PFIRILS T B PEBLUILIIBEL b) Ry: AR [RI A SR BEH A s BR(E 5 25 SR A s BEL(EL AN LU A ©) %F'S: FOmRE BRI AR H 20 LU

D - i R R R (R e NE Ay
YT L, RS, I AT 1 min, FEACAT L
W — R Tk 7K. 2R A AL AR 0 A n] ik
104F, MEALBUL AR A an i, —MBeoh34E, B, M
RV AL IS ™ i 1) TARRLEE VSRR, K2 Hig
EHEERT TAE AREESR. MBESEELHET T
1B, TR PR A AL AR AR B R A
LT R SRS ) A FH IR B BRI AR, SR T H: R A
A PRI A QA LA R & RAL RS, HL A &
B, BT A5 S R A

& IR AS B HEREAS e (G o —Fh sl U LR eI 55
KHE, WEEE LR Y st T A 0. BRTEN
i oA KA UGBS E AR I8 bR, WIS %GB 12358-
2006 H1HLE 1% AT R SRR I HR A AR F8 b5 K
IR ZEAELS% LA, MR A RIZE30 sLAN, #E-10~50°C
ALIEH TAE2 he FEHL )78 PR AR el 25 =l i
AXT AP FTRAEE. B RGE T AIRIER )
R fd R s T, SRR AETERRIE(100 ppm). /)
L3(101~700 ppm). 4 (701~1800 ppm)Fl 1 [
(>1800 ppm)PUZihrif™, R AL BA
A BRI R AR, H TR Y R AL Al SR
SEMGIRAR AT LAV LR R MR A R DL R AR
TR X B —40~27°C, ZEHE EZ 0] A RIS I = A
201 1A R AT RS R, ARt e b BT FH ) SRS
AR LA 1% AR 1 sHYMR BB R], 0.1% G
TR, DL-40~40°CHI5%~95% 1 TAESREY. 254
F2R[H,  HETRY R H S AR S e N G,
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() BFRFRA R, AT LU AGKEAR K
VRN BRI S B bR 2, EPd . WO ]
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The development of hydrogen energy industry is of great significance to the construction of a clean, low-carbon, safe and
efficient modern energy system, the realization of the “dual carbon” goal and the high-quality economic development. The
safe use of hydrogen has always been a concern. Hydrogen sensors can quickly and accurately measure hydrogen
concentration, and effectively prevent hydrogen leakage, explosion and other safety problems in the process of production,
storage, transportation and use. In recent years, with the popularization and application of hydrogen energy and the rapid
development of Internet of Things technology, the requirements for hydrogen sensors in security, remote monitoring and
distributed measurement are increasing. In this paper, the principle, applicability and research status of different types of
hydrogen sensors are reviewed and analyzed, and the development trend of hydrogen sensors is forecasted.

Hydrogen sensors can be divided into catalytic, electrical, optical fiber, acoustic and other types according to sensing
principles. The catalytic hydrogen sensor has simple structures, fast response and high sensitivity. However, the catalytic
hydrogen sensor is greatly affected by the temperature and humidity, and it has poor gas selectivity and high working
temperature, which leads to potential safety hazards. The electrical hydrogen sensor has simple structures, long service life,
and is easy to be integrated and miniaturized. However, electrical signals are prone to environmental interference and lead
to signal drift, and electrical sparks may be generated during the detection of electrical signals, which can cause explosions
in the detection of combustible gas. Compared with traditional electrical sensors, fiber optic hydrogen sensors have higher
security and anti-interference, and are convenient to realize distributed measurement and other excellent performance,
which has become a research hotspot. The fiber optic hydrogen sensor is small in size, intrinsically safe, anti-
electromagnetic interference, and it can realize distributed spatial multi-point measurement. However, it is difficult to
achieve commercial production due to its high cost, complex signal processing and expensive instruments for detection.
The acoustic hydrogen sensor has high sensitivity and fast response time, but is greatly affected by temperature and
humidity.

The future challenges and opportunities for hydrogen sensors are also discussed in the last section. Under the background
of Internet of Things and the era of big data, the research of hydrogen sensors will be gradually toward miniaturization,
integration and distributed sensing. Moreover, it is necessary to realize hydrogen detection at high temperature and
humidity. Future research in this field may focus on the following four aspects: (1) Reducing the cross sensitivity of
temperature, humidity and other gases; (2) new hydrogen-sensitive materials such as nanomaterials and graphene; (3)
performance optimization of hydrogen sensors at high temperature; (4) signal detection and demodulation device of fiber
optic sensors.

hydrogen, sensor, optical fiber, detecting techniques
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