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Exploration of activity control strategies and
mechanisms for efficient HCOOH dehydrogenation
catalysts
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Abstract: Formic acid (HCOOH) is taken as a promising H, carrier, which has attracted wide concern as a result of high hydrogen content,
low toxicity, high stability and simple byproducts. In this paper, we review the catalytic activity of Pd nanoparticles and Pd alloy metal
nanoparticles loaded with inert carriers, reduced oxides, metal organic framework materials, carbon materials, as well as molecular sieves.
Further, we summarize the reaction mechanism of the HCOOH dehydrogenation reaction driven by thermal energy, photo energy and photo-
thermal energy. Finally, we provide the prospects to the challenges faced by HCOOH dehydrogenation reaction from the view of improving
the utilization of active metals, using theoretical calculations to deeply understand coupling effects, utilizing advanced techniques to explore
reaction mechanisms and realizing carbon cycling.
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Fig. 2 The product distribution of HCOOH decomposition is jointly determined by d-band occupancy and lattice contraction on the
metal Pd surface in the bimetallic catalytic system: (a) The relationship between the activation energy of the dehydrogenation step of
Pd;M (where M is scandium, titanium, vanadium, and chromium) catalyst and the filling rate of M atom d orbitals (left image) and
the relationship between the activation energy of the dehydration rate determining step of Pd;M catalyst and the in-plane lattice
strain of Pd layer (right image)®?”; (b) In Pd,/M.,,.. bimetallic catalysts, the electron density and lattice contraction of
Pd atoms collectively decide the H, selectivity™™; (c) The influence of lattice strain on the d-band center and the binding energy of
HCOO or HCO and OH™"; (d) The influence of surface charge polarization on d orbitals near the Fermi level and
its impact on the binding energy of HCOO or HCO and OH"!

(with permission from ACS Publication)
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Fig.3 The HCOOH decomposition catalyzed by PdAu-VO,/NHMSP?: (a) The generated gas volume as a function of reaction time
and the H, evolution rates of PdAu VO,/NHMS catalyst and its analogues; (b) The H, generation rate as a function of reaction time and

H, evolution rates at different reaction times; (c) The apparent activation energy of PdAu-VO,/NHMS and its analogues; (d) In situ
DRIFT data of the HCOOH decomposition with PdAu-VO,/NHMS; (e) /n situ Raman spectroscopy of the HCOOH decomposition with
PdAu-VO,/NHMS; (f) The absorption energy of HCOO* on the surface of PdAu-VO,/NC and PdAu/NC
(with permission from Wiley-VCH)
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Fig. 4 The HCOOH dehydrogenation reaction catalyzed by Ru/CN catalyst®”): (a) Schematic illustration of the synthetic procedure
Ru/CN catalyst; (b) The stability tests of the Ru,/CN in propylene carbonate at 413 K; (¢) The in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFT) measurements of HCOOH dehydrogenation catalyzed by Ru,/CN;
(d) The CO chemisorption measurements of Ru,/CN
(with permission from Wiley-VCH)
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Fig. 5 The HCOOH decomposition catalyzed by CoN,P™: (a) The extended X-ray absorption fine structure (EXAFS) of Co-N,P in
R space; (b) Wavelet transform of CoN,P; (c) Partial density of states (PDOS) of CoN,P; (d) The PDOS of Co 3d orbitals;
(e) The absorption energies of HCOOH* and H* on different adsorption sites; (f) The reaction energy barrier of HCOOH

dehydrogenation reaction over Co-N,P
(with permission from Wiley-VCH)
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JaE 1 BT 250N, AR AR FR BT AR Y s g T M
(5803 h™") R4 S M #AER e P . JF BLAATTIA R, 43
0 B B A A BT R Hh O—H B A i S

Sun ZEBA7E 2020 Al FH K AT B TC AR AR B
il 2 T Rk A 4y F 2 0 40 oK RST Y Pd-
Mn %% . A3 ] DFT 38 5 2 W] Mn i 1
W 5| O*H OH*¥) F A Bh F 8 fb Pd-Mn f# 1k 75
(1) Pd J5 -, BEAIL T Pd X T 245G MR 22 F0 07, DA
130T PA-Mn 80 50 49 ™ P 3 4 1 i
B BE A R BE 1. RS 22, o0 T 0 B R
(R FLEE 4, ﬁEJJﬂ‘ﬁ%#%ﬂ‘fﬂ’ﬂlﬂ]ﬂé*ﬁ¥m’g”,
AT A B R O & s o 3 M e 4 7
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G M L s 43 O = ik A RE RIS AL 348 D P 244>

o3 5 Ui R R M AL R A TR B RN . PR
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Table 1 Comparison of catalytic activity of different catalysts in previous work
Catalyst Reactant Metal loadi /% Reaction o The H, evolution Reference
4 ctatloadmg wive  condition/K TOF/ rate/(mmol-g_l-h )
CoN,P 2 mol/L HCOOH 53 353 986.8 4285 [70]
Co-SAs/NPs@NC 10 mmol HCOOH 2.7 371 - 62.6 [71]
Ru,/CN 10 mmol HCOOH, 7.1 413 1300 - [67]
propylene carbonate
NiCoPd-CeO, 1 mol/L HCOOH - 303 6506.8 - [29]
Pd;Cu,/TiO,-NSs HCOOH:HCOONa=1 0.05 303 6268 - [68]
PdAu-VO/NHMS HCOOH - 298 14155 - [33]
Ag,Pd,@NH,-UIO-66 HCOOH Ag (3.8), Pd (12.6) 353 893 - [40]
Au,Pd, yMIL-101-NH, = HCOOH-HCOONa  Au (14.6), Pd (11.8) 298 526 - [45]
Pd@C;N, 1 mol/L HCOOH 8.0 288, light 49.8 - [53]
irradiation
Pd,5sNig 13A80,4/C  0.175 mol/L [HCOOH], Pd (1.6), Ni (0.3), 323 85 - [54]
0.175 mol/L [HCOONa] Ag (0.7)
Pd/CNy,s 1 mol/L HCOOH 10.0 298 5330 - [56]
Pd/N-MSC-30 1 mol/L HCOOH, 4.0 333 8414 - [60]
2.5 mol/L HCOONa,
3 mmol HCOOH
Auy35Pd sIrg ;s/NH,-N 1 mol/L HCOOH - 298 12781.2 - [66]
rGO
Aug;5Pdy,s/C-L-7.5 1 mol/L HCOOH, 10.0 298 1153 - [75]
1 mol/L HCOONa
Pd/AC-NH, 1 mol/L HCOOH, - 328 40856 - [76]
3 mol/L HCOONa
0.8Pd0.2Ni(OH),@S-1 2 mol/L HCOOH 0.8 333 5803 - [81]
PdMn, (@S-1 2 mol/L HCOOH - 333 6860 - [82]
Pd,Ir,/'YSMSNs-NH, 1.25 mol/L HCOOH, 10.0 323 5818 - [31]

2.5 mol/L HCOONa
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Fig. 6 The HCOOH decomposition catalyzed by Ti;C,T,-250®"%: (a) The Ti K XANES of Ti;C,T, treated at different temperatures;
The Ti K Wavelet transform of (b) Ti;C,T,-250 and (c) Ti;C,T,-350; (d) The EXAFS of Ti;C,T treated at different temperatures;
(e) The H, evolution rate as a function of reaction time when the reactants of HCOOH and H,O are changed to HCOOD and
D,0, DCOOH and H,0, DCOOD and D,O; (f) The data on the kinetic isotope effect; (g) The reaction pathway of

HCOOH dehydrogenation over Ti;C,0,
(with permission from Nature Springer)
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Fig. 7 The photo-catalytic HCOOH dehydrogenation over CdS/CoP@RGOP*: (a) The reaction pathway in the HCOOH system;
(b) The reaction energy barrier in HCOOH and HCOOH-H,O; (c¢) The mass spectrometry measurement after 1 h of light
illumination in HCOOH-D,0; (d) The reaction mechanism of photo-catalytic HCOOH dehydrogenation;

Kinetic measurement at different time scales in (¢) HCOOH and (f) HCOOH-H,0O
(with permission from Elsevier)
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