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Optimization and prospect of dark fermentation hydrogen production
strategy by metal nanoparticles under "double carbon"
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Abstract: Hydrogen energy is an important direction to promote the low-carbon transformation of fossil
energy under "double carbon'. Though development of green hydrogen technology still faces many challenges,
microbial dark fermentation is an effective way to achieve green hydrogen conversion of biomass. The use of
metal nanoparticles (MNPs) with quantum size effect, large specific surface area and high conductivity to
optimize dark fermentation hydrogen production technology is a research hotspot in recent years. In this
review, the mechanism, technical difficulties and effects of MNPs on optimization of the hydrogen production
performance by dark fermentation at home and abroad were summarized and discussed. The effects of three
popular MNPs optimization strategies of iron, nickel and zinc on improving the activity of hydrogenase
system, enhancing the metabolic hydrogen production pathway and optimizing the microbia community
structure were then emphatically described and compared. Finaly, the research directions and application
potential of dark fermentation hydrogen production were prospected, such as optimizing the activity of
hydrogenase by MNPs, broadening the substrate of biomass fermentation, screening and reactor design of
hydrogen-producing bacteria, and devel oping biomass fermentation technol ogy.
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Fig. 1 ChinaH, production in recent years and future demand trends in various fields (a); Main preparation methods of green
hydrogen (b); Main forms of biomass in nature (c); Published paper trend of microbial hydrogen production

technology in recent six years at home and abroad (d)
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Tablel Comparison of microbial hydrogen production technology
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Fig. 2 Mechanism of metal nanoparticles in hydrogen production by dark fermentation'?®
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Fig. 5 Schematic diagram of synthesis process of FONPs@M,O, (&), magnetization hysteresis loops (b) and TEM images (c)

of FONPs@A |,04!?
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Table2 Effect of iron-based nanoparticles in dark fermentation hydrogen production system
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A8 NiONPs $41- Hiakt fn 115 58 A i fif R 2
it Kl 8, HARY P 7E 5 4 e B B )
AR AR AR SRR, REA 26 MNPs AR
FIRSE, Al MNPs PEE L e i A B ] SR At
T —F B ELIR R B SR
2.2 HKER

% A T o) Ao R R S I B R ) NN,
A ALk SEA B S [Ni-Fe) ZUL i 22 18] 1Y 51 e,
TR, DTG PN Al R 7™ S A0 S B s i A
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W, X [Ni-Fel AL IE 1 . R RIHE R R
AR RN Ak G & B A B me U |
NiNPs [ ik B ik m L S5 R g d vk e iy, 84
fil &R SRR, SBCRBIRY £ CO,
A Hy A2 780 5K NiNPs S A3 08 ] ik
J¥, ELREEDY Z5BUYEIRA B IR HIE &S, —
g (MEG) TalEAKMHARG 5] A NiNPs, 4
NiNPs fil i A 60 mg/L A}, fb2TE &
(COD) LFrZEU R iEm, MaAFE AN NINPs $2
BT 23%, il ik(24.73£1.12) ml/geop. HlEE
WALl 4.52 h 455 2 3.44 h, 1724 NiNPs 5T vk
FEHS 2 100 mo/L B, 2B 036 P A A F s B T 1R KR
W, AR £(20.80£1.12) mL/geop,  EiTEST
i\ (44+4) mL [ % (37+2) mL ., FEHIEH NiNPs 15
R AR VE A K AU IRRA, HE9R[Ni-Fe &b
L30T 7+0'=8- 9 me Wi w7 | % 51 =y 3
NiNPs 57 i i B2 4o /55 B 1 25 8 hl 40 B 2 1 LA
A, BESFEH ARG AWM VFAsHE Z M5 pH
SURITR R, NI sZ M AR ) K il R L ARIEHE R A
AEP AN A o pH 3T Bt I S BRI S AL A S
L SO T )N W A0 A S 2 18
pH X il 0 22 58 52 M, WANNAPOK IN Z5:184% 14k
spsE AP0k NiINPs AT [CHF I (C. pasteurianum

CH5 ) [E e TEREIC T, DI FF AN B AE W 6 52 56 22 d,
PRI L e AL i S R W R G IR A AN B X pH T
ZHATATE . BRI A B, fEA B AR TR AR A K
) VFASs, HE AR5 pH M 6.8 % 4.6, {HEEHK Bk
FESCEHT 10 d NARBPRFEEH . FESEM W, [T
FFHE T NiNPs 2 883 4 b i A 50 A 76 858 s 45 44
(Bl 6aflb), A4 NiNPs B 2 785 o i
W N TR, ATk NiNPs 5 0 [ 13 %5 V) 4%
fil, S ELERAF BRI T ARG W AR R 5T, A AK
PEREE K pH BT 21, RSB
PEFI P2 S RIF A ZF] pH AT I 0 0w R

i1t I [ S AR NINPs SR ik 9 400
mg/L i, 7 AR EZER 0.49 mol/mol e Pl H
Hhe % 1.28 mol/mol wumo. 211 14 d 5, EERFFE
Bom AW, SEMEEKRSEL, Sl
058 JeC Uk I 4t PR B I % (&l 6c), 4R %2
FEAESRER AL b, fdH: pH RS2 TT BRI . 28 F
P G I A RN B ) MINPs 1) J5T 2 vk
IS ELE A % 18 VFAS BE Z i pH i AR 25 HAl [ &
(RS2, ] i — 25 4 v 5 A Ok i e e M R A e
I M 361 5 e 32 Wl B ke 2 0 s 4 T ) S TR AR 52 1
WEFMZ—, £ 3L THEIE NPs 7ER: & =&
RGP RVE SRR Hy P i

Fl 6 B ECAT B AN & e o 200 mg/L 8 NiNPs 3L [F 24k i FESEM & (a, b) ; Gt & 200 mg/L 1) NiNPs F1E
AT E E A 528 . 55 5d (cl) . 5 10d (c2) . %5 14d (c3) . 45 18d (cd4) . 55 22d (c5) BT

Je514d (c6) | 55 18d (c7) IS 22d L5 EIR (¢8) (c) ¥
Fig. 6 FESEM images of co-immobilization of C. pasteurianum CH5 and NiNPs with a mass concentration of 200 mg/L
(a, b); Batch tests of co-immobilization of NiNPs with a mass concentration of 200 mg/L and C. pasteurianum CH5:
Images of day 5 (c1), day 10 (c2), day 14 (c3), day 18 (c4), day 22 (c5), as well as close images of day 14 (c6), day 18

(c7), day 22 (c8) (c)®*

F 3 BRIERYOKIORLTE R A AR g T AR I RCR
Table3 Effect of nickel-based nanoparticles in dark fermentation hydrogen production system

HAY KBERY WUk TR JREHE/(mg/L)  hifE/nm H, /= 22 3k
Beijerinckii DSM791 KITBEK NiONPs, CoONPs 15 ~26, ~50  214.9mL/L. 195.7 mL/L [72]
Bacillus anthracis BRI %K NiONPs, CoONPs 7.5, 2.5 14 45 mL/h [73]
PUNAJAN 1
Klebsiellasp. WL1316 A Jfi 2F 4 2 /k Ec-NiONPs 20 9.14+2.6 (2077.00£4.23) mL/L [76]

W
RE R Tl BE 7k NiNPs 60 — (24.73+1.12) mL/geop [81]
TR BURL 5 U2 A 2 A NiNPs 5.67 13.64 2.54 mol/mol 45 [83]
C. pasteurianum CH5 A NiNPs 400 50~100 1.28 mol/mol s [84]
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3 BENMRAEHS

Zn V5 R Z2 R A0 4 B IR 1, REAE s % 18
A, FIEHE R A KA LT TR, e
YRR R AT S AR, TEAE HE 40 TR A AR K
AR AN LR A S 0 45 0o 7 b & 35 SR FHI®S), a4
Ko, BEIHE NPs PRI 5 B I BR 4514 T E 2 o o s A
MEAR G 2 1o ) 00 BE (R AF 9T A B8l s &
i R TR R ] T el A TR . el TR
TN SAL B E 1, 7= R 15 32 2 T e o9
Har, WFoE R E2EPIEGRAEEBR. ( ZNONPs)
Y KEETRL (ZnNPs), Hi, ZnONPs BE#& = A
ML B A DR S, IR IETS R, AEIR KI5 TR Ak
BRI R A ™ S0 Ak 7 T HAT B R S, JoT e VA
i E S e A A M A, A R g AR A S i T
BB DX — A, ZnNPs F1E4 ZnONPs /v, AN
Syl A, W SR rT Y RS pH R
FE, FEE AR, P N & B A
3.1 Z nONPs BEXE#I S

ZnONPs 1 573k NPs iyl RIfC 3L, HAT L«
T FRURC AR 2 T 06 2 v R s, B L VR I L R IR
A ST R A B CH, A HoS, AT T 5 7Kk %k
REFRFNR AR P A mAL , SE PR YS UL 5 K R R R R R
F, SIS Ho Bl 224610 M58 ZnONPs
M REFIEMEIS IR (WAS) I & A 77 i 5
ZHANG %4 ] 1 g ZnONPs 1 100 mL £ 17k
( pH=6.9£0.1 ) & & #l & ZnONPs J5i i , #5
ZnONPs i 7= 2, iR 1 ER 4805 % 18 WA S il &0 R 1E F 3%
WOGEER L, ZnONPs 7 5o 200 it JI5 J5 T 154 55 i N
FEARE Y, AR YIS A, D SRR
B (Firmicutes) FIZg7% 1 ( Chloroflexi ) SE {0 #mH
FhFRE (35 84.5% ) ; HIK, ZnONPs NUREHE =i A
BLAD I A W e i |, 10 RE Ao M AT il WA'S A 7%, CH,
Fl CHzCOOH %514 72, ARUER KA R pH
VFAS Jo e v B A3 N m 2 i) B PR 420 T 1L
G RS AL R TR T, R W R S K
WAS 1™ ZHE A Fr e Ao 24 ZnONPs & [ DL
[ AR TS L 6, R A 15393 30 A1 150 mg/grs
W, IR RN TR ZH( 0 mglgrs )43 BIFRAE T 10.7%
1 17.9%, S m it A4 e T 1.8 5/ 3.5
¥ ZNONPs B & 22 fift K e~ A R 48 pH T B FIE 3
BRI AR 03 1, Kok ZnONPs R4k Ak
B WAS 47 AT FREe il &0 T2 0 A T —Fhak
o H 2B RS

TE I & e = S AU AR il ZnONPs A #]F WAS
AR, AiE— R 5EE BB ZnONPs J5i ik
JiE , S OAE A B e S ( Enterobacter sp.

HDX08) MM T2 AN T ZnONPs, &3
ZnONPs i #E 1 P i iR 09 A= B, T PR R 4 Sk )i 3
TR TR K& TR 172 i O o S AR ™= 1, LB s
AL AR B A R, 2D RIS P R R H,
M. YR Y 200 mg/L BF, ZnONPs fE ik 3%
Y TR AR RO, AT B E T 0.45 mol/mol e ,
BN IRAH RS T 36.36%. FREHNERR 1Y & A8 b5
R AR P A R AR R IEAOE, ZnONPs [
TNRERS AL BN B R s 1 = &, RS KRR S
B F= A R A S MERE, 1H ZnONPs (1)id &R &i5
TSR (ROS) KA ik, b4 ik W 4 ik
R BN M, RN TS AR RE S, R
M SRR PEES, AN B AR A B ok
M5 2 T = e TG RN S Ak TS MEAIC IR 00
3.2 Z nNPs SR EEH S

5 ZnONPs #It., ZnNPs A B #1E4%, fig
GFHLARAR A I RE R S50, DA s R B ™
B A B 1 ZnNPs RGPS T 2R 2676, SE3E ZnNPs
(PG ER PRI A, WIMONSONG Z:®1fl ELREEDY
A1 PR AR B ) 17 48, ZnNPs S 5 IR 3X — [R) 5t 2%
PR AR T A BRI T 2 A B A, LA AR R A
R pH TR, FEmIRARTE YRS & EE S
71, HAl, WFREEHKEA (HT) 2k 5HAG 21145
P RRY FE R BN R P R AT, VBN ZnNPs $ 3%
ERFRERS hy DA R R AR B 10 2 L R DA
B AR, AR ARG NI VFAS i
JE ZRUMG S pH FREMIE, FEARRA: 9447 58 1 fn
SUT R, BERX— A8, WIMONSONG! ™ F| F k1
FehliF MR (TAC) , i#iRTHEA M T HT/TAC
gk Zn (Zn-HT/TAC) fiEfk7], BITHIHR G55
B IR S & B WAS B9PE RO, g5k,
Zn-HT/TACEALFI T i HT #1 TAC AT I B A B iy
553 BT A5 RTS8 11 W PR BE F P A SR R F T 2
AR, IR ARG VFAs BRI, g
fit pH TR, KA MENE KR EE,
Zn-HT/TAC ik J¥ N 8.33 g/L I, Ik EEHIE 7"
HHTC NPs AL X B3 =5 T 26.62%, =ik 3.08
mol/mol wm. {H HT 534 %€ TAC fiffL, Ik Zn fizk
etk HT B9 Zn-HT 235 TAC i, 241k fb s i te 2
T AL AL B R T 23.14%, HAEIL SR Ak
B PEARMEFEE— 25 32T

kg it — 25 B R 1 e S A AR I L R TR
S FLAATR L34 58 28 (A B A4 35 78, SY BOUN YA Z5197)
TEIG LR A 400~700 °CHYZMET, A L2161k
) HaPO, 0 PE 7 TG sk ( CAC) #il#% T mCAC,
B HAEN Zn-Ni-HT B2 M B % T Zn-Ni-HT/
MCAC Z & # K (E 7a) , 5 T RIXHER TS
6 IR ARG & e R 0V TSR o R HaPO, et mT
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Z2Bx CAC fLBRP & A 1R . BEAHAIL &P &A%
i, @it eAE CAC [ REAT, (H SR FLBRIE A
HEWZ (E 7b) , 600 °C T mCAC600 [ f
AE it — 20 sk Hidl, RESRCir R ek HT 3%
3, #mEr = (K 7c) , 1£ Zn-Ni-HT/mCAC600
BEMEH, B AR ZE HT fig7E mCAC600
FHE LB N5 045 (F 7d) , XA AMA R
9 VFAs, MR kgt i pH MR %, 2
THUEWRIE R, HiZE SRR B Zn®
G4BT R UM P T 5 B O 1 5 S AL S
P, F-PRETHEERE"® (K 7e) . 5

mCAC600 #il Zn-Ni-HT/CAC #H Lt , Zn-Ni-HT/
MCACG600 & & bHRHMIE 17E 20 T IR S80S & 8 il SRR
BAE, ARk 2.958 mol/mol ww, A3I4RE T
0.335 F1 0.545 mol/mol wu (& 7f) o il FHZ AR 1 2%
TORL Y T EAMY TR T VFAS 5 pH T [ 5,
A I 3 P U R R B TS e SRR e, A T SE B
MRHOIEIR R, FRAC T MRk A A, R B 4
J& Zn F1 Ni Z [8] (4 Hp [RIVE A B8 HE— 25 3 s i A= 4
REERIARE ST, A S SIS & e AU Tl AL
FHARME T UBE . F% 3L NPs 7E S & 7 A R 58 i1k
FHRCR N Hy 77 it WL 4,

¥l 7 mCAC Hl Zn-Ni-HT/mCAC600 (1414533 F2 (a) ; mCAC 1Y FESEM & (b) ; A[RIEE T #1468 mCAC X4
HIEHME (¢) ;3 Zn-Ni-HT/mCAC600 ) FESEM & (d) ; Zn-Ni-HT/mCAC600 1EHIJERE (e) ;
Zn-Ni-HT/mCAC600 435 5 mCAC600. Zn-Ni-HT/CAC & /= S8 R L (f) 197

Fig. 7 Preparation of mCAC and Zn-Ni-HT/mCAC600 (a); FESEM image of mCAC (b); Effect of mCAC prepared at

different temperatures on hydrogen production (c); FESEM image of Zn-Ni-HT/mCAC600 (d); Working principle of
Zn-Ni-HT/mCAC600 (e); Comparation of Zn-Ni-HT/mCAC600 with mCAC600 and Zn-Ni-HT/CAC in promoting

hydrogen production (f)°”)

KA PEEEYORIBURLE G A9 A R G PR IZCR
Table4 Effect of zinc-based nanoparticles in dark fermentation hydrogen production system

Y RIEEIRY) WUk 7Y FEWE(mgIL)  kifR/inm H, 7 i £ 30k
R WAS ZnONPs 0~50 90+10  21.1~74.0 mL/gys [91]
Enterobacter sp. HDX08 WA IEW ZnONPs 200 30£10  0.45 mol/mol s [92]
REBFW 157k Zn-HT/TAC 8.330 — 3.08 mol/mol [96]
FeFhi5 TN Zn-Ni-HT/mCAC600 8330 — 2.958 mol/mol [97]

4 BERISEEREERER MPS 15
KB 12 R AL

TE BRI ER B H 45 52 2 MRS Rl i 4 19 5
RS RETR S B B IR A RE Y A S T 2R
RSP o EE 0, MRE R 25 0 T 552 B e Mt e 2
KN 25 BT S BO A EEETT 0], Hp M — P & b
BREEmE . BRI R BB, JEEANSME
DRAVR B e 8 R 0 A ¥ fie FL N TS I BT Z —

A Ak A ERAE IR A A LA B
JEEM AR AR S & R, $E A AR S
SIEFRGAELUBI ) i — B WY E IR
WA, 20224 3 H R CARE™ Ik & J& K
A (2021~2035 4F ) BN S0RE ™ b A 2 A R
B RS = R R T 1), B AL RE R
Hh RO [ R AR R R A A GRSy, B E AR
A KL 6L K. R EERRIRRI A, Bl 8 B
IR TR E N A A RREOR K SR DI AHER
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SUREIEZ AL N T LK A BRBE IR 1 i e ) o 28
A, RO EEART RO E DU )
R e i AT OO0 vl ] R DA R T T 7 A
e et an o ERARON LA TR REIR+ A N E
LR AR R S JHorh R IR MG R
e AL RA ICHFOEIR . R S 13 A A 8
AL, R — AU . Tl AT AR
JRBERIAIGE A= S A Bk Ae . SR, FATRG A&
M S SRS PERLR, SR EBOE A2, 2
EZ IR, REFEYH S0r s ML=

K8 amt4EE NS

BB, BARSCBRMBLR Tolk AL . SAitt, €
L P AR E GO TR TIHE, IflE
T Ay S A R LAY A A ) S B
Bl PEFISFAPERESE, e fOZEAR SR A,
. hERRHE 863 WIH" MY AN S T
TRAZFEMIT 5%, WG 7 —&al 5lst, 1+
BB P BB R B, A W s RS At 2 i
B, o I RRAE B A A A A P AR AR M
FEM A 207 BB R | X LERTFTAR S B AR
Pyl S Tk A A7 B T HEA

FREEUR K DR

Fig. 8 Development process of hydrogen energy policy at home and abroad in recent ten years

K19 MNPs 7R & B i 54 L]

Fig. 9 Mechanism of MNPs in dark fermentation process

MNPs {E NI 4FE R BUBFFEIGG, A R DR
P SRR, Ao A AR G mT REAL A
TP 9 7R OO HCAE R oy B O I AL G T P R
TEVE DT I RAT BB AR, B MU A AR
Wy SO 0 I e e €L ) S B

5 #RIBEREE

TERR . B FEIE =250 MNPs 1L K& il
SUORME R, 3R BB QK MR NZVI AR
E M8 FMNPs, FONPs 1] Jii# 2k i 25 A2 I
Z I TR, W SR [Fe)l S MLl . [Fe-Fel A

PTG AR SR TR R TG I, 0 B VAR B e A A =
SRCRIFAIE, (H NZVI 5k 5 i w23 il 4
WAK, JEAEdEEE, 11 FMNPs Fil FONPs iz
R R Ao v D B B R SR o T A5 A, T BELRS AN
TR JEC 40 ok 400 7 40 P A R R AR s TR A
NZVI, JEZHE FMNPs fil FONPs f] B #86 H
Fe**. Fe*, KB5S LRGN S A, il S5
AR, nla@ad CS A AR 2 A A wiods il gk
BRI AR ST R B, A3 RO A LA ok
PR ICNG , BE U Bh L W 7E 22 AL 455 4 1 2 i AT
WA A, A 4 A I G T ) SR R ]
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IR = A . FEEREE NPs ILALRmE H, NiONPs Fl
NiNPs RES 2 & [Ni-Fe] AL B 6 P, b ms & ik
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fH NiONPs Jig 5t e Ji 3 5 23 XoF IR 42040 T 335 ol 4t 2
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R T 5 e AL BT P, TR W ] R L4 S B R
T 1 5 A A5 AR R A AR AR S NPs 4H g 5%
E— 2R I R AR R R E BT pH BT 32
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K BFHE NPs H1 % ZnONPs Fl ZnNPs B 1 Zn?
AR Z PR B R -, BRSO 2R 7 AR R AL
RUMEHE TR, $Emms Al R S 3 B R
Hil & MERE, Hih ZnONPs BEIH 47 5 A= W o il A= )
R, AR E IR KRR AE P o3, %o AR IR 4R &
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KT, AR A A s B, TR &
iRz i) 0 BB T 47 M B v R W R RE I R R S A
o B, EFXT MNPs S 03 in et fn 6 3k 8 R 55
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