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Supplementary Notes 

Computational details 

The 2-D H-type model is drawn using the COMSOL Multiphysics reflecting the actual devices. The 

model is composed of the electrolyte region in liquid phase, the CO gas region in gas phase, and the 

permeable media indicating the carbon paper (CP) or glassy carbon (GC) substrates. The 2-D geometry 

of the simulation model can be seen in Fig. 3b. The CO gas is fed into the cell in the corner of the gas 

phase region of the H-type cell in the flow rate of 20 ml m-1.  

The fluidic motion in the gas phase region of the cell is expected to be governed by convection 

flowing from the entrance to the exit located on the top of the cell. Also, diffusion can affect the 

transport of CO in the gas region. Thus, the convection-diffusion model to consider the combined effect 

in CO transport. 

∇ ∙ 𝑱𝑱𝐶𝐶𝐶𝐶 + 𝒖𝒖𝐶𝐶𝐶𝐶 ∙ ∇𝑐𝑐𝐶𝐶𝐶𝐶 =  0     (1) 

where 𝑱𝑱𝐶𝐶𝐶𝐶 = −𝐷𝐷𝐶𝐶𝐶𝐶∇𝑐𝑐𝐶𝐶𝐶𝐶. Note that this study considers a simple stationary calculation to check if CO 

can be delivered to the substrate-catalyst interface through the substrates, thus the time-dependent and 

reaction terms are omitted in Eq. (1) and the rest of the equations in this paper. JCO, uCO, and cCO are 

indicating the CO mass flux, CO gas velocity, and CO concentration, respectively. The diffusion 

coefficient of CO is set as 2.08 × 10−5 under the assumption that the conditions inside the cell were 

maintained at atmospheric pressure and 20°C. The initial value for the CO velocity was set as 0 and the 

CO concentration was assumed to be 40.9 mol m-3 to consider the case that the cell is initially filled 

with CO gas under atmospheric pressure. The initial concentrations of CO in both CP and GC are 

assumed to be 0. The velocity, 𝒖𝒖𝐶𝐶𝐶𝐶, in the gas phase region is governed by the Navier-Stokes and the 

continuity equation.  

𝜌𝜌(𝒖𝒖 ∙ 𝛻𝛻)𝒖𝒖 = 𝛻𝛻 ∙ �−𝑝𝑝𝑰𝑰 + 𝜇𝜇(𝛻𝛻𝒖𝒖 + (𝛻𝛻𝒖𝒖)⊺) −
2
3
𝜇𝜇(𝛻𝛻 ∙ 𝒖𝒖)𝑰𝑰� + 𝜌𝜌𝒈𝒈 =  0     (2) 

𝛻𝛻(𝜌𝜌𝒖𝒖) = 0     (3) 
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where 𝜌𝜌 and 𝜇𝜇 indicate the mass density and the dynamic viscosity of CO gas of which values are 

1.12 kg m-3 and 1.74 × 10−5 Ns m-2 under the conditions of atmospheric pressure and 20°C.  

When the CO gas flows through the CP substrate, the mass transport follows the Darcy’s law, which 

describes the flow in a porous medium using the permeability of the medium, k and the pressure drop, 

𝛻𝛻𝑝𝑝.  

𝒖𝒖 =  −𝑘𝑘
𝜇𝜇
𝛻𝛻𝑝𝑝     (4) 

The constructed model sets k as 8.4 × 10−12 m2 considering the in-plane permeability of Sigracet 

39BB GDL, which was utilized in actual CO reduction reaction (CORR) experiment.1 For the flows in 

porous media, the mass and momentum conservation equation should be modified considering the 

porosity, 𝜖𝜖, and the permeability, k.  

1
𝜖𝜖
𝜌𝜌(𝒖𝒖 ∙ 𝛻𝛻)𝒖𝒖

1
𝜖𝜖

= 𝛻𝛻 ∙ �−𝑝𝑝𝑰𝑰+ 𝜇𝜇
1
𝜖𝜖

(𝛻𝛻𝒖𝒖 + (𝛻𝛻𝒖𝒖)⊺) −
2
3
𝜇𝜇

1
𝜖𝜖

(𝛻𝛻 ∙ 𝒖𝒖)𝑰𝑰� − �
𝜇𝜇
𝑘𝑘

+
𝑄𝑄𝑚𝑚
𝜖𝜖2
�𝒖𝒖 + 𝜌𝜌𝒈𝒈 =  0     (5) 

𝛻𝛻(𝜌𝜌𝒖𝒖) = 𝑄𝑄𝑚𝑚     (6) 

where Qm indicates the mass source term in the unit of kg m-3 s-1. The porosity of CP is set as 0.83 

according to a published study on the porosities of carbon papers.2     

 In the case of GC substrate, the flow equations for the porous media can no longer be applied due to 

the fact that there are no open pores in GC. However, CO gas transport through the GC substrate can 

still be modelled by the solution-diffusion equation.3 The solution-diffusion theory states that a small 

amount of fluid is dissolved in the nonporous media first, and then diffuses through the media. In other 

words, the gas component in the gas phase region goes through the transport process in the order of 

adsorption at the entrance of GC, diffusion inside the GC, and desorption at the outlet to reach the 

substrate-catalyst interface. Studies on the mass transport through the glassy membranes and polymers 

often indicate the transport property of a specific component through nonporous media using the 

combined term of the solubility of gas components and the diffusion coefficient in the nonporous media. 

Using the solution-diffusion model, the CO permeability through the GC can be written as,  
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𝑃𝑃𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶 = 𝐻𝐻𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶  ×  𝐷𝐷𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶       (7) 

where 𝑃𝑃𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶, 𝐻𝐻𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶, and 𝐷𝐷𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶 indicate the CO permeability through GC, the CO solubility in 

GC, the CO diffusion coefficient in GC, respectively. The diffusion coefficient, 𝐷𝐷𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶 , is set as 

1 × 10−12 m2 s-1  according to the technical report on GC permeability,4 but unfortunately, the values 

for 𝑃𝑃𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶  and 𝐻𝐻𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶  can hardly be found in published literature. In addition, estimating 𝐻𝐻𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶 

value directly from experiment, thus the studies aim at estimating the permeability in the unit of ‘barrer’ 

or ‘ mSTP
3 ⋅m

m2⋅s⋅kPa
’. Although finding CO permeability through GC is not available, we assumed that 𝑃𝑃𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶 

is 0.4 × 10−14 mSTP
3 ⋅m

m2⋅s⋅kPa
 referring to the published study on a glassy membrane.5 In the CFD simulation 

model, the solubility should only be applied to the surface of the GC entrance to make a difference 

between the CO concentrations in the gas phase region and the GC substrate. Accordingly, in place of 

𝐻𝐻𝐶𝐶𝐶𝐶,𝐺𝐺𝐶𝐶, the partition coefficient defined by the ratio of the CO concentration in GC over that in the gas 

phase region is calculated using Eq. (7) and applied to the GC entrance. 

 The pressure at the gas outlet is fixed at the atmospheric pressure. For all the walls including the inner 

walls, which indicate the sealed side of the substrate, no slip and no flux conditions are applied. A total 

of 12,315 mesh elements generated by COMSOL Multiphysics were used for calculation.   

 The CFD model constructed in this study utilized the geometry projected onto 2-D space, thus 

calculating the mass flow rate at the boundaries requires the flow rate terms that can be defined in 2-D 

space. First, the model should satisfy the following mass balance defined using the line integrals of the 

total fluxes.   

� (∇ ⋅ 𝑱𝑱𝐶𝐶𝐶𝐶 + 𝒖𝒖𝐶𝐶𝐶𝐶 ⋅ ∇𝑐𝑐𝐶𝐶𝐶𝐶) ⋅ 𝒏𝒏
∂Ωin

d𝑆𝑆 + � (∇ ⋅ 𝑱𝑱𝐶𝐶𝐶𝐶 + 𝒖𝒖𝐶𝐶𝐶𝐶 ⋅ ∇𝑐𝑐𝐶𝐶𝐶𝐶) ⋅ 𝒏𝒏
∂Ωout

d𝑆𝑆

+ � (∇ ⋅ 𝑱𝑱𝐶𝐶𝐶𝐶 + 𝒖𝒖𝐶𝐶𝐶𝐶 ⋅ ∇𝑐𝑐𝐶𝐶𝐶𝐶) ⋅ 𝒏𝒏
∂Ωs

d𝑆𝑆 = 0     (8) 

where n is the normal vector. The subscripts in, out, and s in Eq. (8) indicate the model boundaries for 

the CO gas inlet and outlet of the cell, and the substrate-catalyst interface. Note that the CFD model 

considers that the CO reaching the substrate-catalyst interface leaves the system boundary, thus the 
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interface should be treated as an outlet boundary. The CO mass flow rate at the substrate-catalyst 

boundary, �̇�𝑚s, can be calculated using the terms in Eq. (8) and the CO inlet flow rate (�̇�𝑚in=3.75 kg s-

1). 

�̇�𝑚𝑠𝑠 =  �̇�𝑚in  
∫ (∇ ⋅ 𝑱𝑱𝐶𝐶𝐶𝐶 + 𝒖𝒖𝐶𝐶𝐶𝐶 ⋅ ∇𝑐𝑐𝐶𝐶𝐶𝐶) ⋅ 𝒏𝒏∂Ωs

d𝑆𝑆

∫ (∇ ⋅ 𝑱𝑱𝐶𝐶𝐶𝐶 + 𝒖𝒖𝐶𝐶𝐶𝐶 ⋅ ∇𝑐𝑐𝐶𝐶𝐶𝐶) ⋅ 𝒏𝒏∂Ωin
d𝑆𝑆

     (9) 

The CO gas flowing out at the CP-catalyst interface was estimated as 4.32× 10−9 kg s-1. On the 

contrary, the estimated CO gas leaving at the GC-catalyst interface was 2.5× 10−16 kg s-1. Assuming 

that all CO delivered to catalyst is converted to ethylene by CORR, the maximum CO partially current 

density can be calculated using the following equation. 

𝑗𝑗𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑧𝑧𝑚𝑚𝑠𝑠̇ 𝐹𝐹
𝐴𝐴𝑤𝑤𝐶𝐶𝐶𝐶

     (10) 

where z, F, A, and wCO indicate the number of required electron for CORR (z = 6), Faraday constant, 

active catalyst area (0.3 cm2), and CO molecular weight, respectively. According to Eq. (10), 𝑗𝑗𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚 

for CP and GC substrates would be limited up to 2.95× 102 and 1.71× 10−5 mA cm-2. This results 

imply that CP can serve as a pathway to deliver an enough amount of CO to the catalyst for CORR, 

however, it is highly unlikely to experimentally observe ethylene produced by reduction reaction of CO 

delivered through GC substrate. 
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Electrochemical surface area (ECSA) 

ECSAs were analyzed by lead underpotential deposition on Cu on electrodes in perchloric acid.6 

Electrodes were activated and stabilized in 0.1 M HClO4 solution at -0.4 VAg/AgCl for 20 min. Then 

cyclovoltammetry between 1.0 to -0.5 VAg/AgCl was conducted at 5 mV s-1 in 0.1 M HClO4 + 1 mM 

Pb(ClO4)2 solution. The lead underpotential peaks appeared at -0.2 to -0.1 VRHE and the peaks were 

integrated and divided by monolayer Pb atom coverage over Cu with a conversion factor of 310 μC cm-

2. 

 

Ferricyanide reduction 

 Mass-transfer limitations were measured by ferricyanide (K3Fe(CN)6) reduction on each electrode. 

Ferricyanide reduction is known as the ideal reaction to show mass-transfer limitation since the reaction 

is so fast and easy that the observed rate is determined only by mass-transfer regardless of the applied 

potential.7 LSVs of each electrode with and without 10 mM ferricyanide in 0.1M KHCO3 were scanned 

at 1.0 VAg/AgCl to -1.0 VAg/AgCl with 5 mV s-1 scan rate. Mass-transfer was decided at 0.2 to 0.4 VAg/AgCl 

where CO2RR did not occur and the current rarely flowed, while ferricyanide reduction proceed.  
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Supplementary Figures 

Fig. S1 Particle size histogram of the synthesized Cu2O nanocubes (79 ± 5.5 nm). 
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Fig. S2 TEM image and EDX mapping of (a) carbon anchored Cu2O nanocubes and (b) carbon 

anchored Ag nanoparticles. Colored dots indicate each element, carbon (blue), oxygen (green), 

copper (red), and silver (yellow). 
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Fig. S3 CO2RR performance of Cu catalyst depending on the substrates indicating every 

independent product. Faradaic efficiencies of H2 (gray), CO (blue), C2H4 (red), formate (green), 

ethanol (violet), propanol (orange), and acetate (yellow) of Cu catalysts deposited on (a) CP 

and (b) GC at various potentials from -1.5 to -3.1 V vs. Ag/AgCl in CO2-bubbled 0.1 M KHCO3. 

Each potential was converted to reversible hydrogen electrode (RHE) and showed at the top of 

the graph. 
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Fig. S4 Lead underpotential deposition curves on Cu catalysts on (a) CP and (b) GC. Each 
showed 3.42 cm2 and 3.15 cm2, respectively. 
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Fig. S5 LSVs of Cu catalysts deposited on (a) CP and (b) GC at potential range from 0.4 to 0.2 

V obtained in CO2 saturated 0.1 M KHCO3 with (blue) and without (red) addition of 10 mM 

K3Fe(CN)6. The current densities of the K3Fe(CN)6 reduction for CP and GC were 0.41 mA 

cm-2 and 0.52 mA cm-2, respectively. 
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Fig. S6 Cross sectional SEM images of catalysts deposited on substrates. Cu (40 wt.% Cu2O) 

catalyst on (a) CP and (b) GC, (c) Ag (16.7 wt.% Ag) catalyst on CP. 1 mg cm-2 of catalyst was 

sprayed. The thickness of the layers was (a) 20.77 μm, (b) 20.65 μm and (c) 21.92 μm. 
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Fig. S7 The image of water contact angle. (a) bare CP, (b) bare GC, (c) Cu catalyst on CP and 

(d) Cu catalyst on GC. The angles were 156.3±2.0°, 70.9±1.4°, 139.6±1.7°, and 140.5±1.0°, 

respectively. 
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Fig. S8 Digital images of H-type cell made of polyetheretherketone. (a) top, and (b, c) side 

view. Catholyte and anolyte are separated by Selemion AMV-N ion exchange membrane. 

Working electrode and reference electrode are at the catholyte side and counter electrode is at 

the anolyte side. Each part is purged with feedstock gas (CO2 or CO) by using 1/16” Teflon 

lines, which are directly inserted into the electrolytes at the location marked as ‘Gas inlet’ in 

Fig. 3b. The gas is discharged to ‘gas outlet’ at the top of the cell and analyzed by gas 

chromatography. 
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Fig. S9 Digital images of the carbon paper electrode (left) and the sealed carbon paper electrode 

(right). The porous layer was blocked by silicone tape and the copper tape was used for 

conductivity. 
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Fig. S10 Cross sectional SEM images of CP/Cu/Ag. Each 1 mg cm-2 of Cu catalyst and Ag 

catalyst was sprayed in order. The total thickness of the layers was 48.12 μm.  
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Fig. S11 CO2RR performance of Ag catalyst in H-type cell: Faradaic Efficiencies of CO (blue) 

and H2 (gray), current densities (black) at various potentials from -1.5 to -3.1 V vs. Ag/AgCl 

in CO2-bubbled 0.1 M KHCO3. 
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Fig. S12 CO2RR performance of CP/Cu/Ag at -3.1 V vs. Ag/AgCl over time. The gas products, 

H2 (gray), CO (blue), and C2H4 (red) were analyzed frequently, while liquid products, formate 

(green), ethanol (violet), and propanol (orange) were analyzed occasionally. The liquid 

products were analyzed 1 h after electrolyte exchange without stopping potentiostat.  
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Supplementary Tables 

Table S1 The results of every experiment in this work, including the Faradaic efficiencies of 

every individual product including gases and liquids. 

 
Potential Current 

density 
 (mA cm-2) 

Faradaic Efficiency (%) 

V vs Ag/AgCl V vs RHE H2 CO C2H4 formate PrOH acetate EtOH 

carbon paper 
CO2RR -2.1 -1.0 18.6 18.6 28.9 20.3 4.9 3.1 1.1 15.4 

glassy 
carbon 
CO2RR 

-2.1 -1.1 13 43.1 0.7 24.2 3.4 1.9 0.6 19.8 

carbon paper 
CORR -2.1 -1.1 13.7 37.3 - 37.4 - 6.4 2 14.8 

glassy 
carbon 
CORR 

-2.1 -1.2 9 93.2 - 2.9 - - - - 

sealed 
carbon paper 

CO2RR 
-2.1 -1.0 19 44.9 4.6 22.5 3.1 1.9 0.4 16.8 

sealed 
carbon paper 

CORR 
-2.1 -1.2 9 92.6 - 2.7 - - - - 

CP/Cu/Ag -3.1 -1.4 36 26.3 8.5 29 6.3 4.1 1.9 27.1 

CP/Ag/Cu -3.1 -1.3 41.6 30.3 13.1 22.7 9.1 4.3 1.2 19.5 

GC/Cu/Ag -2.1 -1.2 11.4 50.2 5.6 15.5 8.8 3.4 - 12.4 

GC/Ag/Cu -2.1 -1.2 11.8 48.8 1.9 22.8 1.4 1.6 - 10.6 
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Table S2 The literature survey of the previous studies that conducted CO2RR in H-type cells 

using copper catalysts and glassy carbons as substrates. 

Catalyst Substrate Potential Electrolyte Counter 
electrode Membrane FECO (%) FEC2+ (%) FEC2+/CO Ref. 

Cu2O 
nanocubes 

glassy 
carbon 

-2.1 VAg/AgCl 0.1 M 
KHCO3 

Pt plate Selemion 
AMV-N 0.7 46.5 66.4 This 

work 

Cu2O 
nanocubes 

sealed 
carbon 
paper 

-2.1 VAg/AgCl 0.1 M 
KHCO3 

Pt plate Selemion 
AMV-N 4.6 41.6 9.0 

 

OT-CuNNs glassy 
carbon 

-1.4 VAg/AgCl 0.5 M 
KHCO3 

Pt plate Nafion 117 4 55 13.8 8 

Cu2O/NRGO glassy 
carbon 

-1.4 VRHE 0.1 M 
KHCO3 

Pt sheet Nafion 117 4 19.7 4.9 9 

ER-Cu5-LDH glassy 
carbon 

-1.2 VRHE 0.1 M 
KHCO3 

Pt mesh AEM 8 44.8 5.6 10 

Cu2O NP/C glassy 
carbon 

-1.1 VRHE 0.1 M 
KHCO3 

Pt foil Selemion 
AMV-N 1.6 73.9 46.2 11 

Cu@CuO 
NP/C 

glassy 
carbon 

-1.1 VRHE 0.1 M 
KHCO3 

Pt foil Selemion 
AMV-N 1.3 44.5 34.2  

Cu/VC 
40wt% 

glassy 
carbon 

-1.2 VAg/AgCl 0.1 M 
KHCO3 

Pt foil Selemion 
AMV-N 1 47 47 12 

Cu/SWNT 
20wt% 

glassy 
carbon 

-1.2 VAg/AgCl 0.1 M 
KHCO3 

Pt foil Selemion 
AMV-N 1 43 43  

Cu/KB 
50wt% 

glassy 
carbon 

-1.2 VAg/AgCl 0.1 M 
KHCO3 

Pt foil Selemion 
AMV-N 1 33 33  

Cu 
nanocubes 

glassy 
carbon 

-1.1 VRHE 0.1 M 
KHCO3 

Pt foil Selemion 
AMV-N 2.1 47.7 22.7 13 

PcCu-Cu-O glassy 
carbon 

-1.2 VRHE 0.1 M 
KHCO3 

Pt foil Nafion 117 4 50 12.5 14 

Cu-ade glassy 
carbon 

-1.4 VRHE 0.1 M 
KHCO3 

Pt net Nafion 117 3.5 51.7 14.8 15 

31 μgcm2 
CuOx 

glassy 
carbon 

-0.84 VRHE 0.1 M 
KHCO3 

Pt mesh Nafion 3 28 9.3 16 

c-Cu2O glassy 
carbon 

-1.1 VRHE 0.5 M 
KHCO3 

Pt AEM 7.5 38 5.1 17 

o-Cu2O glassy 
carbon 

-1.1 VRHE 0.5 M 
KHCO3 

Pt AEM 6 45 7.5  

t-Cu2O glassy 
carbon 

-1.1 VRHE 0.5 M 
KHCO3 

Pt AEM 4 59 14.8  

Cu-AC glassy 
carbon 

-1.09 VRHE 0.1 M 
KHCO3 

PT plate Nafion 117 5.9 12.4 2.1 18 

Cu-EC glassy 
carbon 

-1.06 VRHE 0.1 M 
KHCO3 

PT plate Nafion 117 2.7 15.2 5.6  

Cu-VC glassy 
carbon 

-1.08 VRHE 0.1 M 
KHCO3 

PT plate Nafion 117 2.3 12.1 5.3  

branched 
Cu2O 

glassy 
carbon 

-1.0 VRHE 0.1 M 
KHCO3 

Pt Nafion 117 5 53 10.6 19 

cubic Cu2O glassy 
carbon 

-1.0 VRHE 0.1 M 
KHCO3 

Pt Nafion 117 3 32 10.7  
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Table S3 The literature survey of the previous studies that conducted CO2RR in H-type cells 

using copper catalysts and porous carbon papers as substrates. 

Catalyst Substrate Potential Electrolyte Counter 
electrode Membrane FECO 

(%) 
FEC2+ 
(%) FEC2+/CO Ref 

Cu2O nanocubes carbon 
paper -2.1 VAg/AgC  0.1M 

KHCO3 
Pt plate Nafion 117 28.9 39.9 1.4 This 

work 

CuO carbon 
paper -1.25 VRHE 0.1M 

NaHCO3 
graphite 

sheet 
Nafion 117 26 26.1 1.0 20 

CuO/CX-72 carbon 
paper -1.25 VRHE 0.1M 

NaHCO3 
graphite 

sheet 
Nafion 117 22 20.5 0.9  

CuO/NxC-700oC carbon 
paper -1.25 VRHE 0.1M 

NaHCO3 
graphite 

sheet 
Nafion 117 12 42.3 3.5  

CuNPs carbon 
paper -1.03 VRHE 1M 

KHCO3 
nickel foam Fumasep 

FAA- 3pk-130 18 52.5 2.9 21 

CuO carbon 
paper -1.0 VRHE 0.1M 

KHCO3 
Pt foil Selemion 

AMV-N 7.5 67.7 9.0 22 

Ni-TCPP@Cu-MOF carbon 
paper -1.27 VRHE 0.5M 

KHCO3 
Pt Nafion 115 14.5 33.4 2.3 23 

Cu-
CuxO/CNT/BCKBH4 

carbon 
cloth -1.9 VRHE 0.5M 

KHCO3 
 Selemion 

AMV-N 24 36 1.5 24 

Cu-
CuxO/CNT/BCNaBH4 

carbon 
cloth -1.5 VRHE 0.5M 

KHCO3 
 Selemion 

AMV-N 37 40 1.1  

pCu carbon 
paper -0.98 VRHE 0.1M 

KHCO3 
glassy 
carbon 

Selemion 
AMV-N 21.2 27.4 1.3 25 

1UVO Cu carbon 
paper -0.98 VRHE 0.1M 

KHCO3 
glassy 
carbon 

Selemion 
AMV-N 15.4 39.8 2.6 

 

5UVO Cu carbon 
paper -0.98 VRHE 0.1M 

KHCO3 
glassy 
carbon 

Selemion 
AMV-N 12.5 47.7 3.8 

 

7UVO Cu carbon 
paper -0.98 VRHE 0.1M 

KHCO3 
glassy 
carbon 

Selemion 
AMV-N 16.4 44.2 2.7 
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