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. Problem definition and objectives:

Global CO, emissions increased by 5% and reached 36.3 billion tons, the highest level ever.?
Reducing CO, concentration via clean processes such as CO, electrochemical reduction has
attracted great attention to simultaneously solve the two global problems: “energy
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COy* + H* < cis-COOH* (R2) +1.79 +1.12 +0.67 +1.74 +0.91 +0.83
CO;* < CO* + O* (R3) +1.52 +0.13 +1.39 +133 —0.04 +1.37
cis-COOH* & CO* + OH* (R4) +0.58 ~133 +191 +0.56 ~1.23 +1.79
cis-COOH* + H* & CO* + H,O* (R5) +1.43 —0.08 +1.51 +1.41 —0.16 +1.57
Figure 1. Top and side views of (a, b) trans-COOH* < cis-COOH* (R6) +0.91 +0.09 +0.82 +0.84 +0.25 +0.59
CU(].OO) catalyst and (C, d) CU(].OO) surface COy" + H* < trans-COOH" (R7) +0.71 -0.39 +1.10 +0.80 -0.47 +1.27
: : H(g) <> H* + H* (R8) +0.50 —0.25 +0.75 +0.47 —0.40 +0.87
with a water monolayer (solvation case). O + H* <> OH* (R9) 4091 083 +174 +0.50 049 +0.99
OH* + H* & H,0O0" (R10) +1.79 +0.34 +1.45 +1.77 +0.17 +1.60
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Il. Strategy, methods, theory:
We map the entire reaction pathways of eCO,RR to CO on a single Cu(100) electrode, 25 ﬂ
including all intermediates and transition states. DFT computations were performed with g [\
the plane-wave PWSCF code implemented in Quantum Espresso to analyze the electronic * — g/ |
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Figure 2. Proposed reaction pathways for the eCO,RR to CO on Cu(100) surface.

lll. Results:
At an applied potential of —0.11 V (-0.52 V SHE) and under neutral pH conditions, all
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Figure 4. ZPE-corrected relative energy profile of all possible reaction pathways for
the CO, electroreduction to CO on Cu(100) surface.

Table 2. pH effect on the Gibbs free energies (AG, eV) of the elementary steps over the
Cu(100) surface at 298.15 K and U=-0.11 V in both without and with solvation cases

Elementary Reactions / pH Without solvation With solvation
. : 0 3 7 10 14 0 3 7 10 14
elemgntary reactions of the CO,RR were thermodynamlc.ally fa.vorable, as already shown O 11T 6 100" ®D) ———
experimentally. The Gibbs free energies of the reactions in the proposed reaction CO,* + H* ¢ ¢is-COOH" (R2) +053 +0.35 4011 -006 030 -039 -056 -0.80 -098 -1.22
: : _ : CO, & CO* + 0" (R3) +028 +010 013 031 054 -005 022 046 064 087
mechamsrn were erthermlc up to 1.24.V. Th.e dependence of Gibbs free energy on pH ¢is-COOH" <> CO* + OH" (R4) 040 -057 081 099 -122 +041 +023 001 018 —0.42
and applied potential parameters was investigated. The role of water solvation was cis-COOH" + H & CO* + H,0" (R5) +010 007 -031 -049 072 014 031 055 073 097
: : : : trans-COOH* > cis-COOH* (R6) +014 -003 027 045 068 +009 -008 032 -050 -0.74
investigated by forming a 1.0 ML of water molecules on the Cu(100) surface. While CO + H: <> trans-COOH: (R7) 1039 2091 002 000 043 070 090 113 14l 155
solvation had no effect on the adsorption sites and geometries, detailed analysis revealed Hi(g) © H* + H* (RS) +046  +028 +0.04 013 037 +027 +009 014 032 056
L L . . .\ 0"+ H' < OH" (RY) 044 061 085 -103 -126 077 094 -118 -136 160
significant effects on the stability of the adsorbents and intermediates. In addition, the OH" + H' > H,0° (R10) (051 4033 +000 008 030 006 093 047 065 080
activation energies and Gibbs free energies of all elementary reactions were reduced by
accounting for solvation. ]
IV. Conclusions:

Figure 3. TS of all elementary reactions
involved in CO,RR to CO in lateral views:
(a) CO,” + H" <> HCOO™ (R1), (b) CO,” + H”
<> cis-COOH™ (R2), (c) CO,” <> CO™ + O°
(R3), (d) cis-COOH™ <> CO™ + OH" (R4), (e)
cis-COOH™ + H® <> CO™ + H,0" (R5), (f)
trans-COOH™ <> cis-COOH" (R6), (g) CO,”
+ H™ <> trans-COOH™ (R7), (h) H,(g) <> H’
+ H* (R8), (i) O + H" <> OH" (R9), (j) OH"
+H" <> H,0" (R10).

We have shown that it is important to consider the solvation effect and that its

omission can lead to qualitatively different resu
proposed, and the carboxyl pathway was founc

ts. The reaction mechanisms were
to be predominant route for the

production of CO (CO,—trans-COOH —cis-COOK

“—>CO"+0OH"—>CO"—>C0) while CO,

direct dissociation was not worth mentioning due to its high activation barrier. The
adsorption sites of the adsorbates and the reaction mechanism were almost identical
when solvation was considered or not. However, we demonstrated that solvation had
significant effects on the stability of the adsorbents and intermediates compared to

without solvation case.

Reactions /Appl. Potentials (U) -2.0 -1.8 -1.6 -14 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 -0.11 0.0 +0.2 +04  +0.6 +0.8 +1.0 +1.2 +14  +1.6 +1.8  +2.0
CO,* + H* & HCOO* (R1) +0.40 +0.20 0.00 -0.20 -0.40 -0.60 -0.80 -1.00 -120 -140 ~-149 -160 -180 -200 -220 -240 -260 -280 -3.00 -3.20 -3.40 -3.60
CO,* + H* < cis-COOH* (R2) +1.09 +0.89 +0.69 +049 +0.29 +0.09 -0.11 -031 -0512 -0/2 -080 -0917 -111 -131 -1512 -171 -191 -211 -231 -251 -271 -291
CO,* & CO* + O* (R3) +3.32 +2.92 +252 +212 +1.72 +1.32 +092 +052 +0.12 -028 -046 -068 -108 -148 -1.88 -228 -268 -3.08 -348 -3.88 -428 -4.68
cis-COOH* < CO* + OH* (R4) +1.89 +169 +149 +1.29 +1.09 +0.89 +0.69 +0.49 +0.29 +0.09 o0 -011 -031 -051 -071 -091 -111 -131 -151 -171 -191 -211
cis-COOH* + H* <> CO* + H,O* (R5) +1.34 +1.14 +094 +0.74 +0.54 +0.34 +0.14 -0.06 -026 -046 -055 -066 -086 -106 -126 -146 -166 -186 -206 -226 -246 -2.66
trans-COOH* < cis-COOH* (R6) -0.32 -0.32 -0.32 -0.32 -0.32 -0.32 -0.32 032 -032 -032 -032 -032 -032 -032 -032 -032 -032 -032 -032 -032 -032 -0.32
CO,* + H* <> trans-COOH* (R7) +0.75 +055 +0.35 +0.15 -0.05 -0.25 -0.45 -0.65 -0.85 -105 -114 -125 -145 -165 -18 -205 -225 -245 -265 -285 -3.05 -3.25
H,(g) <> H* + H* (R8) +3.64 +3.24 +284 +244 +2.04 +1.64 +1.24 +084 +0.44 +004 -0.14 -036 -0.76 -1.16 -156 -196 -236 -276 -3.16 -356 -3.96 -4.36
O* + H* <> OH* (R9) -1.19 -1.19 -1.19 -1.19 -1.19 -1.19 -1.19 -1.19 -.19 -119 -119 -119 -119 -119 -119 -119 -119 -119 -119 -119 -119 -1.19
OH* + H* & H,0* (R10) -0.48 -0.48 -0.48 -0.48 -0.48 -0.48 -0.48 -048 -048 -048 -048 -048 -048 -048 -048 -048 -048 -048 -048 -048 -048 -0.48
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