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46 Experimental Section
47 Chemicals

48 Zinc nitrate hexahydrate Zn(NO3)2.6H2O, 2,3,5,6-tetrafluoroterephathalic acid 

49 (TFBDC, 97%), 2,4-dihydroxyterephathalic acid (BDC), absolute ethanol (C2H5OH) 

50 were purchased from SCR, Chemical (ptv) Ltd, acetonitrile (CH3CN) (chromatographic 

51 grade ≥ 99.9%), potassium bicarbonate (KHCO3), and isopropanol were purchase from 

52 Aladdin chemical Co, Ltd. Nafion and de-ionized water, carbon dioxide (CO2 99.999%) 

53 purity were used. All chemicals are analytical grade and used without any further 

54 purification.

55 Synthesis of catalytic materials

56 Zn-TFBDC: Zn-TFBDC was synthesized using hydrothermal method. Typically, 

57 1.205 g of Zn(NO3)2.6H2O and 0.36g of tetrafluoroterephthalic acid (TFBDC) were 

58 dissolved in 80ml of a solvent mixture, containing absolute ethanol (C2H5OH), 

59 Acetonitrile (CH3CN) and de-ionized water in a ratio of (1:1:1) under sonication until 

60 a clear solution was obtained. Then, solution was transferred to 100ml of Teflon 

61 enclosed in a stainless-steel autoclave and keep at 120oC for 12h (Figure 1a). After 

62 cold down at room temperature the MOF was collected using centrifuge method and 

63 washed with distilled water and ethanol for several time and dried under vacuum at 

64 60oC for 24h.  

65 Zn-BDC: Zn-BDC was also synthesized using the same method as Zn-TFBDC 

66 synthesis. 

67 Preparation for working electrodes

68 A homogenous ink of catalytic material was prepared by dispersing 10mg catalyst in a 

69 mixture of isopropanol and distilled water mixture (3:1 ratio), followed by addition of 

70 40µL Nafion. The solution was ultrasonicated for 2 h. A 400 µL homogenous catalyst 

71 ink was finely sprayed onto a 1cm x 1cm carbon paper with a PTFE layer.

72 Characterization

73 X-ray diffraction (XRD) was carried out using a Philips 1130 diffractometer at 40kV, 

74 25mA (λ= 1.5418A) with Cu-Kα radiations (XRD, BRUKER AXS company). The 

75 Morphology of the synthesized MOF was analyzed using a field emission scanning 
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76 electron microscope (FESEM, JEOL 6380). Fournier transform infrared (FTIR) 

77 spectroscopy was performed using an FTIR, Nicolet 6700, spectrometer. X-ray 

78 photoelectron spectroscopy (XPS, Thermo Kalpha; Thermo ESCALAB 250XI; Axis 

79 Ultra DLD Kratos AXIS SUPRA; PHI-5000versaprobeIII) was conducted to confirm 

80 the oxidation state of the atoms.

81 The eCO2RR measurements 

82 Electrochemical measurements of the electrocatalyst were conducted using a CHI 

83 electrochemical workstation (CH760e) with a three-chamber electrolytic flow cell. 

84 Nikel foam and Ag/AgCl electrode were used as the counter electrode and reference 

85 electrode, respectively. The working and counter electrodes were separated by a Nafion 

86 117 membrane. A 20ml aqueous solution of 0.5 M KHCO3 was used as the electrolyte 

87 in each half cell.  During the electrochemical reduction testing, CO2 was supplied at a 

88 flow rate of 80sscm, while the electrolyte flow rate was maintained 5mL min-1.  Linear 

89 sweep voltammetry (LSV) was recorded over a potential range of 0 to -3V at a scan 

90 rate of 5 m Vs-1. Electrochemical impedance (EIS) measurement was conducted over a 

91 frequency range of 0.01Hz to 106 Hz at an applied potential of -1V. All potentials for 

92 CO2 reduction in this study were converted to the reversible hydrogen electrode (RHE) 

93 potential using the following equation.

94 ERHE = EAg/AgCl + 0.0591 × PH + 0.197

95  in a wide range of potential from -0.75V to -2.75V. 

96 Gas and liquid product analysis

97 Gas products analysis: The gaseous products were collected in airbags and analyzed 

98 using a gas chromatograph (GC, Agilent) equipped with a flame ionization detector 

99 (FID) for the quantification of CO and hydrocarbon (CH4 & C2 products) and a thermal 

100 conductivity detector (TCD) for the quantification of H2. High purity Ar (99.999%) was 

101 used as the carrier gas. The Faradic efficiency (FE%) of products was calculated using 

102 the following equation.

103 2 ,% 100%H CO

total

Q
FE

Q
 
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104 100%
( )

n N F
j t

 
 



105 In the above equation,

106 n = no. of electron transfer during eCO2RR into H2 and CO

107 N = Avogadro’s number

108 F = Faradic constant (96485 C mol-1)

109 j = total current density

110 Liquid product analysis: Liquid product was analyzed using nuclear magnetic 

111 resonance (NMR) (Bruker Advance, 500M). 35µL dimethyl sulfoxide (DMSO) was 

112 used as an internal standard.

113 Computational Method and Model

114 To investigate the mechanism of the electrocatalyst in CO2 reduction, density functional 

115 theory (DFT) calculations were performed for Zn-BDC and Zn-TFBDC using CP2K 1, 

116 A DZVP-MOLOPT basis set 2 was employed, with core electrons  described by 

117 Goedecker–Teter–Hutter (GTH) pseudopotentials. 3 The plane wave cut-off and 

118 relative cutoff were set to set to 400 Ry and 50 Ry, respectively.  CP2K input files were 

119 generated using Multiwfn 4, while thermodynamic corrections and zero-point energy 

120 were handled by Shermo. 5 The model structures of both electrocatalysts are shown in 

121 Figure S10, EIS. The Gibbs free energy change for each step of the eCO2RR process is 

122 given by:

123 ZPEG E TS     

124 The flow-type aqueous Zn-CO2 battery (AZCB) assembly

125 Anode and cathode preparation:

126 The anode was prepared from a fresh 3×3cm zinc plate, which was mechanically 

127 polished with sand paper, then cleaned with ethanol and distilled water, and finally 

128 dried. The cathode was prepared following the same procedure as for eCO2RR. The 

129 anolyte was the mixed solution of 6 M KOH and 0.2M Zinc acetate, while the catholyte 

130 was 0.8 M KHCO3, pre-saturated with CO2 for 3 hrs (pH = 5.4). The anode and cathode 

131 were separated by an anion exchange membrane (AEM), with each chamber filled with 

132 the respective electrolyte. Additionally, a CO2 gas chamber was continuously supplied 
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133 with CO2 at a flow rate of 20 sccm. The charge and discharge polarizations curve was 

134 collected at 10 mV s-1 under continues CO2 supply.  

135 Theoretical energy efficiency calculation for flow type AZCB:

136 Theoretical energy efficiency can be calculated using the following equation:

137 2arg

arg

disch e CO splittingoutput

input ch e

nE F GG
EE

G nE F
 

 


138 = 257.38kJmol-1
2CO spliting

G

139 In the real cell, competitive HER produces fuel H2, while carbon dioxide reduction 

140 produced CO gas, considering that, battery EE can be calculated as follow:

141  2 2arg

arg

CO spliting H Osplitingdisch e CO HERoutput

input ch e

nE F FE G FE GG
EE

G nE F

   
 


142 = 257.38KJmol-1
2H OsplittingG

143 Theoretical potential (V) calculation for flow type AZCB:

144 To calculate the theoretical potential (V) for the flow type AZCB, anodic and cathodic 

145 reactions are following

146 At the cathode (0.8 M KHCO3, sat. CO2 solution, (pH= 5.4):

147 Cathodic potential, during discharge at cathode for AZCB reaction will be as follow

148 2 22 2CO H e CO H O    

149 ‒0.425V
 2 / 22 5.4

1 8.314 298.15 1ln 0.106V ln
2 96485 10 V

c CO CO
H

RTE E
nF



 


  
      

  

150 Where    vs. SHE
2 / 0.106VCO COE  

151 At anode (6M KOH + 0.2M (CH3COO)2):

152 Anodic potential: during discharge at anode for Zn-CO2 battery reaction will be as 

153 follow
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154 22Zn e Zn  

155  22
4

4Zn OH Zn OH   

156  2 24
2Zn OH ZnO OH H O   

157 = ‒1.219V2
4

2
4

( )
( )

8.314 298.15 1ln 1.199V ln V
2 96485 0.2

Zn
a ZnO OH

Zn OH

RTE E
nF

 




               

158 ‒1.199V vs SHE2
4( )ZnO OH

E
 

159 Overall battery reaction will be as follow:

160 2 22 2 2Zn CO H OH ZnO CO H O      

161 The theoretical potential of battery could be:

162  ‒0.425V ‒ (‒1.219V) = 0.794Vtheo c aE E E  

163 Whereas, R is 8.314JK-1mol-1, (molar gas constant), T = 298.15K, n =2 (total number 

164 of electrons transferred per mole of product), F = 96485 C mol-1 (Faradic Constant) and 

165 α is the corresponding activity.

166 Theoretical energy density of Zn-O2 battery could be:

167 = 825mAh-1 × 0.794V = 655Whkg-1
2Zn CO Zn theoED C E  

168 CZn  is the theoretical energy density of battery based on Zn anode.

169 In addition, HER is also take place during battery discharging, which compete the CO2 

170 to CO electro-conversion. At cathode HER take place as:

171 22 2H e H  

172 = -0.319V2

2 2 5.4 2/

8.314 298.15 1ln 0V ln V
2 96485 (10 )

H
c H H

H

RTE E
nF

 





   
          

173 = 0V vs. SHE
2/H H

E


174 The overall reaction of discharging process along Zn oxidation and HER
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175 2 22 2Zn H OH ZnO H H O     

176 = ‒0.319V ‒ (‒1.219V) = 0.9V' '
theo c aE E E 

177 During Charging, the following reactions are taking place at respective electrode:

178 At the cathode: (0.8 M KHCO3, sat. CO2 solution, (pH= 5.4):

179 .2 2
1 2 2
2

H O O H e   

180 = 0.909V2

2 2

2

"
/ 1 5.4 222

8.314 298.15 1ln 1.229V ln
2 96485 1 (10 )

H O
c H O O

O H

RTE E V
nF

 

  



              

181 = 1.229V vs. SHE
2 2/H O OE

182 At anode (6M KOH + 0.2M (CH3COO)2):

183 2 2 2ZnO H O e Zn OH    

184 The overall reaction during charging is as follows:

185 22 2 2ZnO H O e Zn OH    

186  = 0.909V ‒ (‒1.219V) = 2.128V" "
theo c aE E E 

187 In the above theoretical potential calculations, the 0.8 M KHCO3  solution (pH = 

188 5.4) was considered. The CO2 pre-saturation strategy was designed for the flow-type 

189 AZCB testing, that CO2 gas was injected continuously in the KHCO3 solution for 3 hrs. 

190 As CO2 is dissolved in the KHCO3 electrolyte, the followed chemical reaction occurs 

191 which results in the formation of K2CO3, H2CO3 and H2O.

192 3 2 2 3 2 3 22       H  KHCO CO K CO CO H O   

193 The produced H2CO3 is a weak acid which further dissociate into hydrogen ions 

194 (H+) and bicarbonate ions HCO3
- following the below reaction, therefore decreasing the 

195 electrolyte pH value to about 5.4 eventually.
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196 -
2 3 3   H CO HCO H  

197 So, the injection of CO2 into KHCO3 medium makes the electrolyte solution 

198 becomes more and more acidic until the pH value to be about 5.4. For comparison, the 

199 Zn-BDC catalyst is also testified in the flow-type three-chamber AZCB using the same 

200 electrolytes, pre-saturation strategy, scan rates of the charge-discharge curve, CO2 gas 

201 flow rate of 20 sccm, etc.

202
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203

204

205 Figure S1. SEM images and EDX mapping of Zn, F, O and C of Zn-TFBDC.

206

207 Figure S2. SEM image and its EDS mapping of Zn, O and C of Zn-BDC.

208

209
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210

211 Figure S3. High resolution XPS spectra of Zn-TFBDC. (a) XPS survey spectrum; (b) 

212 O 1s spectrum.

213

214 Figure S4. High resolution XPS spectra of Zn-BDC. (a) XPS survey spectrum; (b) Zn 

215 2p; (c) C 1s; and (d) O 1s spectrum.
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216

217 Figure S5. LSV curves of eCO2RR using the Zn-TFBDC and Zn-BDC catalysts under 

218 CO2 supply.

219

220

221 Figure S6. FE% of Zn-BDC promoted eCO2RR at a potential window of -1 to -2.75 V 

222 vs RHE.



13

223

224 Figure S7. (a) The FECO and (b) FEH2 of eCO2RR catalyzed by Zn-BDC and Zn- 

225 TFBDC.

226

227 Figure S8. NMR spectra of eCO2RR products using (a) Zn BDC, and (b) Zn-TFBDC 

228 catalysts under CO2 supply.

229

230 Figure S9.  Modelling configurations for (a) Zn-BDC and (b) Zn-TFBDC. 
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231

232 Figure S10. The density of state profile for Zn-BDC.

233

234 Figure S11. The pH value measured at different time during CO2 dissolution.

235

236 Figure S12. (a) OCP curves of the Zn-BDC constructed AZCB against CO2 and Ar 

237 gases; (b) Discharge response along power density.

238
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239

240 Figure S13.  Polarization charge and discharge curves for AZCBs using Zn-BDC and 

241 Zn-TFBDC.

242

243 Figure S14.  Power density curves for AZCBs using Zn-BDC and Zn-TFBDC.

244

245
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246

247 Figure S15. Overall charge and discharge response at different current densities for the 

248 AZCB using Zn-TFBDC.

249

250 Figure S16. The Galvanostatic discharge-charge cyclability curve at a current density 

251 of 0.5 mA cm-2 for Zn-BDC constructed AZCB.

252
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253

254 Figure S17. Comparison of power densities between this work and reported data with 

255 CO as the eCO2RR product.

256

257

258 Figure S18.  Digital photograph for single bulb illuminated by three series of An-

259 TFBDC AZCBs.

260
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261 Table S1. Comparison of FEHCOO- of eCO2RR using as-prepared catalysts.

Potential (V vs.RHE) Zn-BDC (HCOO-) FE% Zn-TFBDC (HCOO-) 

FE%
-1 16 -

-1.25 43 -

-1.50 57 -

-1.75 60 -

-2.0 60 -

-2.25 60 -

-2.50 60 -

-2.75 61 -

262

263 Table S2. Reported performance summary of AZCBs.

Electroc
atalyst

Cell 
type

Electrolyte OCP
(V)

Discharge 
voltage

(V)

Power 
density

(mW cm-2)

Refere
nce

Zn-
TFBDC

Flow 
Cell

Catholyte:
0.8 M KHCO3 
Anolyte:
6 M KOH + 
0.2 M Zn(ac)2

1.5 0.404 2.57
(6.35 mA 

cm-2)

This 
Work

Fe1NC/S
1-1000 

(Dispers
ed Fe in 
N doped 
porous 
carbon)

Flow 
Cell

Catholyte:
0.8 M KHCO3
Anolyte:
0.8 M KOH + 
0.02 M Zn(ac)2

0.72 0.21 0.52
(2.5 mA 

cm-2)

J. Adv. 
Mater., 
2020, 
32, 

200243
0

P-Ag/CP 
(porous 
silver 
film)

H-
Cell

Catholyte:
0.8 M KHCO3
Anolyte:
6 M KOH + 0.2 
M Zn(ac)2

0.9 0.18 0.37
(2.1 mA 

cm-2)

Nanosc
ale, 

2024, 
16, 

10628-
10636

Ni@NC 
(N-

doped 
carbon 
shell)

Flow 
Cell

Catholyte:
1 M KHCO3
Anolyte:
6 M KOH + 0.2 
M Zn(ac)2

- 0.2 1.64
(8 mA  cm-

2)

Small, 
2023, 
19, 

230112
8
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Fe-N4O-
C/ Gr 

nanoplat
es

Flow 
Cell

Catholyte:
0.5 M KHCO3
Anolyte:
6 M KOH + 0.2 
M Zn(ac)2

0.7 0.25 0.96
(4 mA cm-2)

Adv. 
Funct. 
Mater., 
2023, 
33, 

230080
1

Ag As 
/CC (Ag 
aerogel 

conducti
ve 

carbon 
cloth)

Flow 
Cell

Catholyte:
1 M KHCO3
Anolyte:
6 M KOH + 
0.02 M Zn(ac)2

-
0.24 2.16

(9.0 mA 
cm-2)

Chem. 
Eng. 
Sci., 

2023, 
280, 

119042

Coralloid 
Au

H-
Cell

Catholyte:
0.5 M KHCO3
Anolyte:
6 M KOH + 0.2 
M Zn(acc)2

- 0.34 0.7
(2.4 mA 

cm-2)

J. 
Mater. 
Chem. 

A., 
2021, 

9, 
21024-
21031

Pd1-O-
CB

Flow 
Cell

Catholyte:
0.5 M KHCO3
Anolyte:
6 M KOH + 
0.02 M Zn(ac)2

0.8 0.22 1.72
(7.8 mA 

cm-2)

J. 
Chem. 
Eng., 
2023, 
461, 

141865
Fe-

P@NCP
s

H-
Cell

Catholyte:
1 M KHCO3
Anolyte:
6 M KOH + 
0.02 M Zn(ac)2

0.69 0.3 0.86
(3.2 mA 

cm-2)

Small, 
2022, 
18, 

210496
5

FeNC 
NSs-
1000

Flow 
Cell

Catholyte:
0.5 M KHCO3
Anolyte:
6 M KOH + 0.2 
M Zn(ac)2

- 0.58 1.05
(1.8 mA 

cm-2)

Nano 
Energy
, 2023, 
113, 

108568
La2Cu0.95
P 0.05O4

Flow 
Cell

Catholyte:
1 M KHCO3
Anolyte:
0.5 M KOH + 
0.2 M Zn(ac)2

- 0.38 0.75
(2.2 mA 

cm-2)

Energy
, 2023, 
263, 

125688

Fe@NP
C

Flow 
Cell

Catholyte:
1 M KHCO3
Anolyte:
6 M KOH + 0.2 
M Zn(ac)2

- 0.25 3
(13 mA cm-

2)

J. 
Catal., 
2023, 
48, 

185-
194
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Ni@C-N Flow 
Cell

Catholyte:
1 M KHCO3
Anolyte:
6 M KOH 

0.78 0.22 2.36
(10.9 mA 

cm-2)

J. 
Mater. 
Chem.  

A., 
2024, 
12, 

9462-
9468

H-
Ni9Cu1
@NCNT
s/CFM

Flow 
Cell

Catholyte:
0.5 M KHCO3
Anolyte:
6 M KOH + 0.2 
M Zn(ac)2

- 0.35 0.62
(2.25 mA 

cm-2)

Chin. 
Chem. 
Lett., 
2022, 
33, 

3721-
3725

CoPc/S-
NHC

H-
Cell

Catholyte:
0.5 M KHCO3
Anolyte:
6 M KOH + 0.2 
M Zn(ac)2

1.57 0.6 2.68
(4.7 mA 

cm-2)

Adv. 
Funct. 
Mater., 
2024, 
34, 

231255
2

CB-
NGC-2 
(Ceder 
biomass 
N-doped 
graphitiz
ed 
carbon)

Flow 
Cell

Catholyte:
0.8 M KHCO3
Anolyte:
0.8 M KOH + 
0.2 M Zn(ac)2

0.79 0.25 0.51
(2.14 mA 

cm-2)

ACS 
Appl. 

Mater. 
Interfa

ces, 
2021, 
13, 

3738-
3747

NOMC
(N-
doped 
ordered 
mesopor
ous 
Carbon)

H-
Cell

Catholyte:
0.8 M KHCO3
Anolyte:
6 M KOH + 0.2 
M Zn(ac)2

0.9 0.25 0.71
(3 mA cm-2)

Small 
Method

s, 
2021, 

5, 
200103

9
264
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