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Supplementary Note
According to the previous studies, the hydrogen production rate r for the aqueous
formic acid formate solution can be expressed as follows at the steady state [1]:
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r =

where k denotes the kinetic rate constant, crand ¢y denote the concentrations of formate
ion and dihydrogen in the solution. by bgp and by are the adsorption constants of
HCOOx M, HCOO=* B and H* respectively.Where * denotes an active site, HCOO*
M and HCOO# B denotes the formate species occupying one and two active sites,
respectively. Notably, the cleavage of the C—H in HCOO* M bond is a kinetically
essential step of FAD, whereas HCOO=# B serves as a spectator species due to a very
high energy barrier for the cleavage of its H-C bond. Equation S1 suggests that a
maximum r can be obtained by varying c; which is consistent with previous reports
[1,2].

Based on DFT, the effect of Bi atom doping on the catalytic decomposition of formic
acid on the Pd(111) surface was systematically investigated. By calculating the
adsorption energies of reactants, reaction intermediates, and products, as well as the
activation barriers of transition states, the regulatory mechanism of Bi doping on the
reactivity of the Pd(111) surface was elucidated. First, the adsorption behaviors of key
species such as HCOOH, COOH, HCOO, and CO, were examined. As shown in Figure
S6, these species all exhibit a bidentate coordination mode, interacting with surface Pd
atoms through C—Pd, O—Pd, or H-Pd bonds. Specifically, HCOOH coordinates via its
O and H atoms, HCOO forms covalent bonds with surface Pd through its two O atoms,

while COOH and CO, bond with Pd atoms via one C atom and one O atom.



In this work, Bi;@Pd/CMK-3 refers to 0.08Bi@Pd/CMK-3; FA refers to formic acid

and SF refers to sodium formate.
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Figure S1. Cyclic voltammograms displaying hydrogen adsorption-desorption for

Pd/CMK, 0.03Bi@Pd/CMK, 0.08Bi@Pd/CMK-3, 0.16Bi@Pd/CMK, and Bi/CMK-3

in 0.1 M HCIO4 at 10 mV s™!
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Figure S2. TEM images and corresponding statistical distribution of the particle sizes
of (A) Pd/CMK and (B) Bi;@Pd/CMK-3 after 3 cycles of catalytic FAD in 1.1 M FA

+ 2.4 M SF solution at 323 K
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Figure S3. TEM image of (A) CMK-3, (B) HAADF-STEM image of Bi;@Pd/CMK-

3, (C) TEM image of Bi;@Pd/CMK-3 after 300h FAD
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Figure S4. Time course of gas evolution from 2 mL of 1.1 M FA + 2.4 M SF solution

in the presence of 32 mg of xBi@Pd/C at 323 K with different Bi/Pd molar ratio x
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Figure S5. Time course of gas evolution from 2 mL of 1.1 M FA + n M SF solution

with 32 mg of Pd/CMK-3 at 323 K
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Figure S6. Adsorption configurations of HCOOH, COOH, HCOO, and CO, on

Bi;@Pd-(111) and Pd(111) surfaces.



Precursor Pd Measured Pd Measured ng;/npy,

wt% wt% X

5.00 4.97 0.00

4.96 4.83 0.08

493 4.93 0.16

5.00 4.47 0.00(300h-FAD)
4.96 4.68 0.08(300h-FAD)

Table S1. Pd deposition on Pd/C and xBi@Pd/CMK-3 measured by ICP-AES.

Precursor Bi Measured Bi Precursor ng;/npg
wt% wt% X
0.294 0.294 0.03
0.586 0.587 0.06
0.779 0.775 0.08
0.972 0.977 0.10
1.069 1.085 0.11
1.260 1.257 0.13
1.547 1.503 0.16
0.584 0.775 0.08(without Pd)
0.779 0.734 0.08(300h-FAD)

Table S2. Bi deposition on Pd/CMK-3 and xBi@Pd/CMK-3 measured by ICP-AES.



Table S3. TOF of Catalytic formic acid dehydrogenation at 323 K with different

concentration of sodium formate in 2 mL aqueous solution.

Catalyst cra (mol L) csr (mol L) TOF (h!)

1.1 0.4 3226

1.1 0.8 4857

1.1 1.2 6555

1.1 1.6 8334

Pd/CMK-3 1.1 2.4 9919
1.1 3.2 11447

1.1 4.0 12355

1.1 4.8 11662

1.1 0.4 6498

1.1 0.8 10319

1.1 1.2 13425

. 1.1 1.6 15799
Bi@Pd/CMK-3 1.1 2.4 19762
1.1 3.2 22620

1.1 4.0 24012

1.1 4.8 21028

Table S4. TOF values of catalytic formic acid dehydrogenation performed over

different catalysts in different conditions - a comparison with literature reports.

Catalyst Tem(gecr? ture cra (Mol L) cgp(mol L)  TOF(h!')  Reference
30 7275
%o L 24 o
Bi,@Pd/CMK-3 60 28902 This work
30 3556
50 L1 0.8 10320
Pd/CMK-3 50 1.1 2.4 9919 This work
PdBig ;,/C 30 1.1 2.4 4350 [1]
Pd-N30 /C 30 1.1 0.8 3481 [3]
Pd/CNyy 50 1.0 1.0 4157 [4]
30 2560
Pd/NH,-CNT 50 0.5 2.0 2137 [5]
Pd/FeNC 50 1.5 3.75 7361 [6]
Pd60AU40/HPC-NH2 25 2.5 0 3763 [7]
Pd/YSMSNs-NH,(10-3) 50 0.5 1 2783 [8]
. 30 2569
In situ-Pd@MSC 50 3.6 3.6 6700 [9]
30 2877
Pd-WO,/(P)NPCC 50 0.5 1.5 6135 [10]
Pd-B/C 30 1.1 0.8 1184 [11]
AquPdO,G/PEI- 50 4258
PDA@CNCs 60 05 2 7159 [12]




Pdy sC0g2Nig,/N-CN 25 0.5 0.5 1249 [13]
Pd/NHPC-AC 60 1.5 1.5 4115 [14]
Ag,Pdy/TiO,-M-450 60 1.5 4.5 4789 [15]
AP-SiO,@PDA- 50 8274

NGO@Pd 65 1.06 0 18625 [16]
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