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Research Progress of Homogeneous Catalyst for the
Dehydrogenation of Formic Acid

Liu, Jiahao Han, Jingjie Yi, Xiaoyi Liu, Chao He, Piao™
(College of Chemistry and Chemical Engineering, Central South University, Changsha 410083)

Abstract Formic acid (HCOOH) has great potential as liquid hydrogen storage materials and for clean hydrogen production.
In the past decade, researchers have not only made significant progress in developing more active, stable, and selective cata-
lysts, but also proposed the concept of the reversible system of hydrogen release and storage. This review covers the latest
progress of homogeneous catalysts in this field, focusing on the noble metal based catalysts represented by ruthenium, rhodi-
um, and iridium, as well as the non-noble metal based catalysts such as iron, cobalt, nickel, copper, aluminum and so on. It is
hoped that this review will provide some insights and idea for developing better catalytic systems for the dehydrogenation of

formic acid in the future.
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Figure 1 (a) HCOOH and CO, circulation system, and (b) two
paths for formic acid decomposition
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1998 4F, Puddephatt 2£PVRIE 7 XU AT B4R &1
[Ru,(u-CO)(CO)4(u-dppm),] (1, dppm = Ph,PCH,PPhy),
XA EG T, EiL T L TOF 500 h' G R
MR RO = AR R, I L R BE A R R N T 1
0. [FI4E, Gao 2] B AZ R R 0t 3 5 4%l TR) S 404
AR 2 AT 7% 0E, BB H 7 [RuH(u-
H)(u-CO)(CO),(u-dppm),] (2). 38 it 4% W6 %4 i 18
PRER(5>X 107° moleL )5 FIER(10~" moleL ") % I
KB, 20 ‘CRAE 03 h NIERK, PRI #E(TON)Z N
70 h'. B, Wills Z07F DA FE R A2 56 1 560 I,
WAL T = CIEAFAE T BT A A 7705 T H IR 4 e 92 11 fe
et RE. H A, RuClL,(DMSO), RuClL(NHs)e A5 7K
RuCl; 7£ 120 ‘CF 4 IRIEHJ5, RILH AR )7E M, TOF
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Figure 2 Binuclear ruthenium phosphate complexes reported
by Puddephatt and Wills
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TR, AATTHROE TS O R B 1 R KIS
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K120 “CHf TOF=670 h™"), 3 HATA R EAL R
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B—ANE S R G M4 5y, A FRIFE R R L 3
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Figure 3 Catalytic system reported by Laurenczy and Beller
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Figure 4 Ionic liquid as co-catalyst system
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Figure 5 Tetranuclear [Ru,(CO);,H,] complex and aliphatic
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Y. IFH>4 pH>3.8 iF TOF FRAR, 2200 5 (1 vt 25 %
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FhET X pH Wi S AR SR &4 21~23, 7 90 C 444 F i
1k FA BA, Hrb 22 9146 TOF A 228000 h ', EARFH
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Figure 8 Metal complex catalysts reported by Himeda et al.
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2011 4, Nozaki 8% F 4k PNP' B-S Y =S MW
ZEEWN(30)0 FA AT AR B ZMEATRITE FA/TEA FlI
AT BHREYH, 80 CHFA 1 min [5G TOF Ak |
120000 h™', 7£ 4 h 5 FB&F] 1200 h ™', FERSE 440
TON {#i >4 5000. 2017 £E, Fink Al Laurenczy*4Ri& 7 —
Z% Rh(IIAT Ir(ID)IE LT T FER(4 mol-L HLA,
FLAG 22 Fofr e - R0 2 R] 4 S5 140 00— G I A A 7 A 71
() Ae e YEdE m, E BTN — M, 78 [Cp*Ir(CeHa-
N,)CI|CI IAEE T, 90 CHf ek TOF Ny 3278 h™'. 2019
E, Onishi ZEP°0F % 1 7 47 H e FOAS [ FR ML R L NV, V-
TARERRT Cp*Ir 48 A1 (31~34) T FA iR AL (e m:
R E5IN OH H:Pl$em 7 fbiE i, X —Eds St iy
BeAARAHAL. 2R A RIAE F R i S A2 AR EF 1 35 d ke
feiEPE, 7E 4 moleL ™" [ FER H it AT it &% B2, TON [ ik

21 100000.
||3’Pr2 Q ‘x Q ‘ﬁ soZ
H soZ
/ \N—‘||r\—HH ¢ / OH,
— ) < N OH
P’Pr2 2

30 32

N oH
OH
33 34
B 10 Nozaki A1 Onishi 253 4K 11057

Figure 10 Iridium catalysts reported by Nozaki and Onishi et
al.

2018 4, ZRNNZECIRE R T — R e 2 g
Ji5 AT AR AR AL IR R (35~37), %4k R ALK BN
HOUR, 8RR K iR, KT mAUEA. X
LB (AL I [IrCp*Cly], A1 5B AA R AL ) 415 3. & H
REZIEHAAR G H 2 B, [FHEAFIRR BB
FaE k. I BT DURRE S b 75 22, 76 s iR sl kiR T AR Re
FRLTAE, #8290 CHF TON k%] 3900000733 %
TOF=65000 h™"), 7£ 70 ‘CI TON ik %] 5020000(F
% TOF=28700 h™ '), £ 25~26 ‘CHf TON &%
400000 F-## % TOF=1053 h™"). %1k EA # %
R W E . KRR e S, EHEES T R

f=

2.
3.3 BREEREW

2008 4F, Fukuzumi 502408 7 —FhsgKMEME=
W ¥ 45 74 (1 B8 4% 5 P [Cp*Rh(H,0)(bpy)* (bpy = Bkt
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Figure 11 Diaminoglydoxime derived iridium catalyst system ~
" . " , | Cp*
BE)(38), ZLBEGWITE 25 CHf HBRENAAAE T IS L R 6 SN N RpCl o
T HRIEEE RS EA I ENE. 2 pH=3.8 &, K Rh—P(Bu), (\‘,\T : N/\/\ :
U5 A pK, (AR, J5cid TOF ATIA%1 28 b i co i NS |
40 M

2 pH KT pK, fEE, BHTFRER T IEEHERIREEEY
[Cp*Rh(OH)(bpy)]", SEfEALTIKI.

20164F, ZRhIZERIE T 6 FFI[(Cp*RhCL,)], — %
YI(39)TE FA/NEG H I EUR M. il s B &
T, USRS 7 M ON A A5 A7) () 3 e A R e 1
FHRE(60 CHF, TON (30 min)Ay 706, TOF=4375 h™").
ERERNE, ZRRIEATFER I I, 858
R, KA T O D B, I AR A,
TEMEAIEIR I 5 DUZ S TP ATIRAS. TOF (H7EE
I FA LU R, BELRIZELEYI RN 0, WA
T PR 1) 7 B EUSONE. Ah, AU B AR e A i g 5
SEAFE RSN BRI, 32 B DR A e 7 3 A S 1 2 ]
(AR B o, AT BRI T VAR Ak i k. T
WAL R Ko A L R A R o, (R IR Eh 4% A
W3 b R R AR AR A B R A ).

2016 4F, Reek 223 T Rh(CO)(L) [L=2- (R T
S R 2L )-6- R JE L mE ] (40)F T FA BiA, Ho 4
BB R BIBAE. 7E 75 CHMHF, B 1,4-20%
FEHF I 0.5 mol % BT AL [ N, TEIESE 8 IRIZATH,
TOF #0169 h', i = Z M A R 2 i b ig
PERIVE . BF 783 BT R0 1R 30 4 8 Ak S il DA FR R
WA, TEVRIN FA B,  Rh—C BEWiZL7 4 &g - g sk
AW, REEBRGS SR G E
B, fEE NN, . Mgk P(Bu), U IEIA 2>
SECE RS, 1% R IR B B0 48 A
XA M 2R DG L

2016 4, Kiihn Z5PHR3E 7 —Fp A DN Z20 0006
(RIAE LA V(AN TE KR T IS IR 4 1F I B 1L
FA BiE. ZME4LFI7E 25 ‘C R TOF B4355] T 90
h!, XA I RO S I B A A TR R R TR TR
pH {E & B AL 7 F &, 75 100 CH &% K TOF A
39200 h ' fEURAHE T, MEARFIAREMEA S0 h LLE,
TON 4 449000. ik — Ak B AL e 1, AR TR T
BELR A WIAE 80 °C R IELE 72 h FA VAU B, TOF A 4300
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B2 s

Figure 12 Common rhodium catalyst

3.4 FREBHEMLF

JE B R AT AR I B I A AT T
J&, (ERAES & )R B XS & th oy 1 RHE AR 1wt
FCH bR, Bt e m AR T Z A T R A 1k,

SR HR A U I AR RS2 B A B 4 S VPR A7 A (Fe, Ni)B
ALK, TR, AMISEHF R T8, &, &, 53¢
B4 R I A A 7).

2010 4E, Beller ZPURIE T LA St & @ B AL &
YI[Fes(CO)ial~ [Mo(CO)s]+ [Mny(CO)j0]~ [Cr(CO)e] M
[Co(CO)g] 55 5 AN [F] A0 = Hhnbtme 2 107 3 FH 1 FA W 7RG
S, Hr, H[Fes(CO)1,)/PPhy/TPY AL T 42 2
eV, 1E 60 CHY I K4 TOF 3200 h ', JEit
TR N2 V2 R FES (DFT) I 70 R B, R/ At 1 771
RAESCHIAFAE T I BOE AN, BEJS, H PBns BUAR
PPhy JE R T — R SR s AL 7] 4307, 72 AR [ ) S B 2%
f4°F, [Fes(CO)1,)/PBny/TPY ##4L4A &R 51 h § TON iA %
1266. {EFILTE H AT AR E P S5 4R & R AL 2 Al A7
TERRR.

2011 4, Beller Al Laurenczy A EPIF & 7 —Fhk
Fe(BF4),*6H,0 Fl PP3 7E M5 I Fie HH 4 RSP ooy vif 1 A A A
Z(44), H TOF Wik 9425 h™!, 7£ 80 ‘C N TON #it
92000. It4h, 41K H Fe(BF4),*6H,0 X [FeH(PP5)]-
(BF)2(BF,), LA K 2 £ PP, 7E 40 C'F 3 h [¥) TON &
1900, 117 [Co(BF4),*6H,0]1H1[Mn(acac),] JL T T id .
H PP, LR BEAE AR AR B T e 4 JE b AR PO,
T, W2 PPs BCARTRAL S5 AE s BRI AL, TOF
7£ 80 ‘C FAiA 240 h™' (FeCl, : PPy, m : m=1:2), iX
SEAE B ININFR KA 57 P S A A P ki 1 7100,

2013 4F, Milstein 25052 %k PNP® 244 45~47 1E
2FA/INEt; G FEVEAEAL IR AL A 7R R BN THF
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1,4-—%LE A DMSO W] LU IS PE T =1, 1717 EtOH.
MeCN FK G HERFK. 7E 40 CH 50 mol%l&f7/E T,
TOF 4 520 h™'. 7EAEALFIFHECN 0.001 mol% T
T, 10 d 4 TON 24 100000. 4k, fE¥IUE Hy/CO, B F1 R
0~1.0 MPa i}, HERBAREA KAEMEIER, BH7ER
EMIFEAE T, RNAEA AT I ).

2014 4, Hazari A1 Schneider 255 57 % 9] 2k PNP?
BEY) 48~49 TEATEWMIE IR, LA S Bk 1E N
LT, 1,4- B GEE NI FIMEG R B A, 3% 5
PR 0 R 5 B v RIS A A AE PR 5, X H R T 456
I H R b AR+ 23 825, 24 LiBF, A 10 mol%,
IR EEA A 0.0001 mol%, {E 80 ‘C FigfT 4 IX, TOF K
F 196000 h™', TON KF 980000.

— — =] —H —
oc—Fel el Fe; \ NFeco
PPh PBn ‘ H

3 3 ~—PPh, P(‘Bu)z
42 43 Pha 44 45
H * o
/Me—| »—H
R /o o 1 N///C o c
= = / B
N—Fe—CO N—Fé—CO H
\ N \ N \N—ie\—CO
P(Bu), P(Bu), e H
46 47 48 ~ 49
Me, 48: E = PPPr,
e ] N‘P\Rz y  49:E=PCy
—F, | - {
>/P'F|e—BF4 \_ N Feco
(P N—PR, BF
7/
Me
50 51

B 13 E LA
Figure 13 Common iron catalysts

2015 4F, Gonsalvi Z5YLA [Fe(rac-P4)(CH;CN),](BF.)
(P4=1,1,4,7,10,10- /N 4 %E-1,4,7,10- VU B L i) (50)
AT, 7 Bk B TN ) R R gk AT AR JC BRI & AE
40 CF, AT Fe(BF4),*6H,0/P4 (meso/rac=3)
W, KB 6 h g FRRIFENERE 4%. 4 Fe(ll)/rac-P4
(m > m=1: DI}, 60%1 FELLL 35 h ' (4G AL
YO T A A 2 AN R 5 a4k, H TOF nlik
F) 139 h'. SRIMGLE 40 CHITEIMRIEERM, AATRIHE =
MERES, BAEECE TR T 70%. 4 Fe(ll)/rac-P4
(1 : 4, TON H1JE K1) 6061 38 0% 10000. AL, Tt
afi meso-P4 FCM 58k 1 LU ande], fALyE ARG

2016 4, Kirchner 1 Gonsalvi Z5 058 T #6. %80
FL I TRV L Fe-PNNNP' {46 ) FA
A sEma . ETCHR G L R AN R AR OB, TiifE THF H
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BIN 1 equiv. NEt; i, 5 molsL ™" FA ¥ 52 4 b, HIx
NIEHLE 610~720 h™' (60 C). 41k 5 R B CHs I,
FrA AR FA SR S e A 4mif]. sk, 7EIR
TN THE PC Al 1,4- 5% b, v LASRAS 8 & i
LR AR FA B4, R AW 51 fEAERITEDL T, %
FA W BB N—1% %5 10 moleL ™", B4k 77 1 3% PR 5
0.01 mol%, 7535 E K TOF (2635 h™"), J7E 80 ‘C%
FF 6 hjasea e, AT LEEFIH, TON &
T 12000.

2014 4E, Myers A1 Berben® &5t T4 &4
52~53 Xt R S FsE I, $E T — R R 4
B S S Sk A BRI RE. 2 FA/NEG (m -
m=35 . 2)if, THF {EN¥A], T 0.006 mol%fHE L,
W14k TOF Alik 5200 h'. R o S o fE Ak 7o AL T
BSUR T AL [(C"HLLP)AI(OOCH),] 4% &4, 2R i it
P2 R CO, F1 Hy, FFE— DA R i T4k

2015 4£, Enthaler 2518 T [(PCP)Ni(H)] L
54. 15 W IR R BB 4r B A E = ) [(PCP)NI-
(H,BH,)], FEH X SFERATHX FLdb AT T RAE. fEH —H
R IE ¥R (FANE, m @ m=11 : 10/88 = 2l RiEH,
7£ 80 ‘CHF 3 h TON &% 626. F ~HEFEL 1,4- %k
B R ER N M lis, HEALTRTE TR PRAR 65%. 4 fb 71
IR R A BERTAEYITE 60 “C (IRRER A Mg h HEAT FA
LU, TON 2350 B BIWTAAE Y 85% 39% 1 36%.

I|3'Bu2
I\lli—H
PBu,
54
|
MesP— Mo~y
PMe
52:X = H MesP ’
53: X = Me 55

Bl 14 5. BAEHEEL)

Figure 14 Aluminum, nickel and molybdenum catalyst

2014 4F, Zaccheria Z BT T FA/MZIR &Y T
Cu(OAc),~ Cu(OOCH),. Cu(acac),~ Cu(NOs),. CuO %
AR ) BRI, B T CuCly AV &k, oAt i) A
WIS 76 95 CH&MF R Cu(OAc), ZEN
0.93%Ir, =T IEHAR= ZIEAE FA BALF N 17.2%52 5
B 25.6%. A G & AR ETE, W1 Cul, d3E—5 158
T FA/NEt; (11 DA, B 45 h JERREALERIL ]
66%, LLA TON Ay 72.

2015 4E, Neary Al Parkin'Wf 58 T — RIHLE S
[Cp“Mo(PMe3); (CO)H] [Cp"=Cp(¥F & —#i2k), Cp*;
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Table 1 Performance of some homogeneous catalysts for hydrogen production from formic acid decomposition

Compd.  Solution® Additive o/C t/h TON TOF/h™" (¢/min) Ref.
4 H,0 HCO,Na 120 — 670 [10]
5 DMF NEt; 40 3 459 — [16]
7 CH;0,+H,0  HCO,Na 69 5 990 286 (120) [31]
8 CH;0,+H,0  HCO,Na 68 4 1000 430 (120) [31]
9 DMF NEt; 90 — 706500 256000 [34]
10 DMSO — 50 — 9800 — [35]
11 DMSO — 50 — 2400 — [35]
12 DMSO NEt; 90 150 1100000 7333 [35]
13 H,0 HCO,Na 25 — — 426 [36]
14 H,0 HCO,Na 25 — — 1880 (10) [37]
15 H,0 / 90 1.5 — 14000 [38]
21 — KHCO, 60 4 5000 2400 (5~15) [39]
22 — KHCO, 90 7 165000 228000 (5~15) [39]
23 — KHCO, 60 1.5 10000 32000 (5~15) [39]
24 H,0 HCO,Na 80 8 11000 39500 (5) [40]
25 H,0 — 80 0.5 10000 34000 (10) [41]
26 — HCO,Na 100 0.5 68000 322000 (10) [42]
27 H,0 — 60 2.5 20000 13300 (10) [43]
28 H,0 — 98.8 6.5 320000 62900 (30) [44]
29 — HCO,Na 90 35 350000 12000 (10) [45]
30 ‘BuOH NEt 80 0.016 2000 120000 (1) [48]
31 H,0 NaHCO; 50 1 20 20 (60) [50]
32 H,0 NaHCO; 50 1 11 11 (60) [50]
33 H,0 NaHCO, 50 1 130 130 (60) [50]
34 H,0 NaHCO; 50 48 7850 650 (60) [50]
35 H,0 — 60 0.33 7750 28750 (3) [51]
36 H,0 — 60 0.33 8333 33750 (3) [51]
37 H,0 — 60 0.33 8167 31250 (3) [51]
38 H,0 HCO,Na 20 7 20 28 [52]
39 — NEt;+KI 60 0.5 706 4375 (3~6) [53]
40 C,H;0, — 75 16 1024 169 (10) [54]
41 H,0 — 100 50 449000 39200 (180) [55]
42 DMF NEt; 60 3 19 200 [56]
43 DMF NEt; 60 15 702 138 (180) [57]
44 PC — 80 16 92000 9425 [58]
45 THF NEt 40 3 >999 500 (60) [32]
46 THF NEt 40 3 >999 503 (60) [32]
47 THF NEt 40 3 >999 393 (60) [32]
48 C,H;0, Li'BF, 80 9.5 983642 196728 (60) [61]
49 C,H;0, NEt 80 2.5 994 739 (10) [61]
50 PC — 60 6 6061 1737 (10) [62]
51 PC NEt 80 6 10000 2635 (60) [63]
52 THF NEt 65 1 2200 5200 (15) [64]
53 THF NEt 65 1 2000 4800 (15) [64]
54 PC nOctNMe, 80 3 626 481 (120) [65]
55 CsHq — 100 — — 31 [67]

“ All solutions add formic acid by default; ® The time corresponding to TOF is in brackets.

x=0, 1, 2,3], fFETCIZAM N HAFERIA. ER%E
¥)[CpMo(PMe;),(COYH] (55)fFEMIE L T, LAZRIE A
W, RSIEE N 100 CHY, SRR BE A DLIAF] 31
SR S A BHSE K Cp*Ac AR, TOF W& A7 14 in 1
54 h~'. 1 [CpMo(PMe;)(CO),H] F1[CpMo(CO);H] X} T

PR i = A B g 1, vl AR AR BN IS
S IR T4, fERE S B — T i, PR RGE 18R
LBAWINI(PMes), ) TEA 80 CLANINBRAL 1 AL
TR E, TOF ¥ 0.2h™ ", 14 h J5 ) TON Jy 70[%).
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N 50 AT 45 4 AN AT P AR R YR I AN T IE RO 32 F ok
KB REIE R 7T, WA e v IR S A v R A R,
A BAARKT A R, R/ PR B A AE
RBRESEAEA R RS RIS ERE ). £
S ANIAMUAET RGPS g AR E . M oR
AR T TS 7 B R, T HARH T H, B
EAAEA RGBS, B0, Himeda FF A I8 #4657
AT DR S R0 R R b FR R K R R ) T A AR R
LA, Laurenczy FI7KIEME Ru AL FFITE & 20H SR g 77
AT IWARA . BRIKAE, G E T )R
FHA G ) 7Kt g F R oo e AL R S it 1 it
EHEBEER. FT TR £ B ECAR AL R R 4
SRV TAEE BIOGE. B T4 BEAEEGE 1 & R AL,
BFEER. B, B AR SRR UL M AL BT R
EER, JUHARBREAMEAL AR R, Milstein MEATG i i HY
TR T B = AR SIkER, i kXt
FH IR I S AL AR T SR VE4H R T A4

SR, TEIX —UBA A — Sa gk, filn: RA
DR TR RIEBR AT R P& TR A R
PIMEALTERE, 2 N 26 LLBOER BT, AR S
FERIE B I PERRARI I R BRI AR R AT
FBIA R, B7EFRRER. SENIEST SR
H A, 182 i A7) 75 EA s IR iR 55 A4 R I H
T, (HIX ST S PR AR T B G Bk
1, A RAEE RGN UL T B AR e s 1, 22
SKRBEA IS0 FG HLIE I, IR S0 SR Ui FRE
fi%. H 2008 4F Laurenczy A1 Beller $& i S LK FAIE S
ISR RS HIRES Lok, FEME RIS A Y
4TS 7RO R, B 1K A&E I BEm
SURALTIA, W4 X PR A R R R A O E L T
H, ATESTHP SRR, &7 E T [E
PEFNREYR AR T T B 8. peah, HEE. ZBE. Hil, DA
MMNEBATAENE A2 ohE, W wEbE. R4
TRESE IR, WO AR SRE R IETT KR T 2
fhigie.
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