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S1. Free energies of species, zero-point energy corrections, and entropies

Table S1. Free energies, zero-point energies, and entropies of adsorbed species on close-packed facets (fcc(111) and hep(0001))
of twelve selected metals.

Free Energies (eV)

ZPE (eV) S (J/mol-K) Au Ag Cu Pt Pd Ni Ir Rh Co Os Ru Re
CH,OCHj; 1.83 93.25 145 182 165 059 081 110 060 070 102 050 044 054
CH,0OCH;, 1.56 59.36 220 270 246 056 107 153 065 088 152 070 073 1.05
CHOCH; 1.53 70.48 235 268 216 084 094 105 059 072 097 048 048 055
CHOCH, 0.94 44.21 268 320 249 034 088 118 024 061 132 028 052 058
COCH; 1.24 56.11 259 303 204 014 033 041 009 010 039 -0.03 -0.04 -0.09
COCH;, 0.94 44.21 413 460 407 100 133 142 078 079 129 053 063 0.77
CHOCH 0.94 41.73 392 441 346 106 188 177 061 106 174 057 092 074
COCH 0.59 37.26 539 582 435 206 226 236 139 146 201 083 119 095
cocC 0.25 28.71 6.02 559 452 313 322 263 256 224 233 194 195 136
CH30 1.06 67.28 176 098 052 114 093 023 065 030 000 018 -0.06 -0.46
CH;s 0.90 29.80 055 080 043 -025 000 -011 -0.17 -0.16 -0.24 -0.33 -0.50 -0.63
CH,OH 111 66.26 136 176 156 042 066 104 061 052 119 038 039 043
CH, 0.59 21.55 165 193 130 009 033 015 -0.01 0.06 007 -0.05 0.02 -0.56
CHOH 0.80 33.03 214 254 196 053 071 087 016 066 079 -0.14 052 0.39
CHO 0.47 59.96 149 184 154 037 036 049 022 016 057 007 0.08 004
CH 0.37 11.57 222 275 168 -022 019 0.09 -040 -029 0.03 -0.67 -0.35 -0.78
COH 0.49 23.94 259 306 204 007 025 033 -001 -001 029 -016 -0.09 -0.19
co 0.18 40.18 119 124 061 -042 -0.66 -052 -0.55 -059 -047 -069 -0.65 -0.46
C 0.10 7.31 363 415 301 074 084 092 043 026 072 -007 031 -017
HCOO 0.64 52.39 128 073 044 076 063 1.05 0.09 0.2 017 -034 -0.28 -0.35
COOH 0.63 63.69 142 156 122 039 049 048 008 010 047 -012 -0.11 0.06
C(OH), 0.93 49.19 156 198 164 0.14 065 092 025 046 095 021 025 060
H,COOH 1.22 71.32 213 154 114 148 145 085 114 079 060 042 029 014
OH 0.35 29.62 171 098 057 116 104 029 067 054 014 021 0.05 -0.46
OCH,0CH;s 1.95 92.10 237 170 134 170 169 106 109 106 084 066 066 043
HOCHOCH; 1.94 109.84 191 240 227 106 123 176 097 136 185 121 086 151

Free energies of closed-shell species are: CH;OCHj; (0.39 eV), CH30H (0.11 eV), HCOOH (0.42 eV)

S2. Reaction energetics on different surfaces

Here we present free energy diagrams for each surface. In the first section (Scheme S1-S12), we
outline the most-exergonic pathway in pink, with the most difficult electrochemical step circled.
In the second section (Scheme S13-S24), the lowest-free-energy pathway is outlined in green,
with the most difficult electrochemical step circled. All diagrams are presented at 0.00 V. The
black arrows show proton / electron transfer steps, the blue arrows show C-O bond breaking
steps, and the red dotted arrows show Heyrovsky-type reaction steps.
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Scheme S1. Most-Exergonic pathway for Au(111) at 0.00 V. All values are in eV.
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Scheme S2. Most-Exergonic pathway for Ag(111) at 0.00 V. All values are in eV.
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Scheme S3. Most-Exergonic pathway for Cu(111) at 0.00 V. All values are in eV.
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Scheme S4. Most-Exergonic pathway for Pt(111) at 0.00 V. All values are in eV.
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Scheme S5. Most-Exergonic pathway for Pd(111) at 0.00 V. All values are in eV.
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Scheme S6. Most-Exergonic pathway for Ni(111) at 0.00 V. All values are in eV.
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Scheme S7. Most-Exergonic pathway for Ir(111) at 0.00 V. All values are in eV.
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Scheme S8. Most-Exergonic pathway for Rh(111) at 0.00 V. All values are in eV.
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Scheme S9. Most-Exergonic pathway for Co(0001) at 0.00 V. All values are in eV.
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Scheme S10. Most-Exergonic pathway for Os(0001) at 0.00 V. All values are in eV.
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Scheme S11. Most-Exergonic pathway for Ru(0001) at 0.00 V. All values are in eV.
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Scheme S12. Most-Exergonic pathway for Re(0001) at 0.00 V. All values are in eV.



S2.2 Lowest-Free-Energy Pathways
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Scheme S13. Lowest-free-energy pathway for Au(111) at 0.00 V. All values are in eV.
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Scheme S14. Lowest-free-energy pathway for Ag(111) at 0.00 V. All values are in eV.
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Scheme S15. Lowest-free-energy pathway for Cu(111) at 0.00 V. All values are in eV.



Pt(111) CH,0 CH CHO CH

+ + +

CH, CH, CH,0 CH, CHO C
+

0.24 0.15 0.12 -0.91 +
OCH; CcO

CH,0CH, 2?2 CHOCH, %73 CHOCH
0.50 0.03 0.66 0.99 -2.81

CH;0CH;%2% CH,0CH; 23 CHOCH; 22 cOCH,*%%5 coCH, %% cocH X% coc

0.64%.13/ 0.08/—0.72/ 1.73/ —0.811 0.451, —1..& —0.9;\1 \2.70
C CO C CO C CO
+ + +

CH, CH,0 CH CHO
+ +

+ + + + +

OCH, CH, OCH; CH, OCH, CH;, CH,0 CH, CHO CH

CII'IS 0.34 (I:‘I_I2 -0.31 C.H 0.96 (I:

10.36 10.33 10.74 1-0.67
v v v \4
CH,0H %315 CH,O0H %1% CHOH 4%, COH--%Ls C(OH),
1.03 0.29 0.15 0.49
OCH, 2435 CH,0 034 CuHO 080 CO. 116
L0.77 i 0.05 o.s1 A
v 106, 0.03 Y "
H,COOHLYHCOOH2Y COOH CO+OH
0.34 0.39 -0.74
At0.00V HCOO 0.76 co,

Scheme S16. Lowest-free-energy pathway for Pt(111) at 0.00 V. All values are in eV.
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Scheme S17. Lowest-free-energy pathway for Pd(111) at 0.00 V. All values are in eV.
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Scheme S18. Lowest-free-energy pathway for Ni(111) at 0.00 V. All values are in eV.
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Scheme S19. Lowest-free-energy pathway for Ir(111) at 0.00 V. All values are in eV.
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Scheme S20. Lowest-free-energy pathway for Rh(111) at 0.00 V. All values are in eV.
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Scheme S21. Lowest-free-energy pathway for Co(0001) at 0.00 V. All values are in eV.
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Scheme S22. Lowest-free-energy pathway for Os(0001) at 0.00 V. All values are in eV.
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Scheme S23. Lowest-free-energy pathway for Ru(0001) at 0.00 V. All values are in eV.
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Scheme S24. Lowest-free-energy pathway for Re(0001) at 0.00 V. All values are in eV.



S3. Linear Free Energy Correlations

In this section, we show the linear scaling relationships that were used in constructing the
theoretical phase space. First, in Figure S1 we demonstrate that there is a weak correlation
between C and O binding energies on the surfaces studied. We use this result to motivate our
choosing of 2 descriptors, the free energy of adsorbed CO and the free energy of adsorbed OH,
rather than a single universal descriptor.
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Figure S1. Binding energy of O versus binding energy of C on close-packed facets of metals.

In the following figures, we present the linear scaling relationships between the free
energies of adsorbed intermediates versus the free energies of adsorbed CO and OH. For species
which bind through at least 1 carbon atom, we use the free energy of CO as the independent
variable used in the correlation (Figures S2 — S7). For species which bind through an oxygen
atom, we use the free energy of OH as the independent variable used in the correlation (Figure
S8).
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Figure S3. Free energy of adsorbed CH,OCH, species versus
free energy of adsorbed CO
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Figure S4. Free energy of adsorbed CHOCH, COCH, and
COC versus free energy of adsorbed CO
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Figure S5. Free energy of adsorbed CH,OH, CHOH, and COH
versus free energy of adsorbed CO
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Figure S6. Free energy of adsorbed CHO, COOH, and C(OH),
versus free energy of adsorbed CO
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Figure S7. Free energy of adsorbed CH3, CH,, CH, and C
versus free energy of adsorbed CO
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Figure S8. Free energy of adsorbed OCHj3, H,COOH, and HCOO versus free energy of adsorbed OH



S4. Theoretical Phase Diagram at 0.35 V
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Figure S9. Theoretical phase-diagram showing free energy of reaction for most energetically difficult step (AGrps) within the
most-exergonic pathway formulation at 0.35 V. Shown are regions with the same most endergonic reactions (note:
proton/electron pairs and water are not written explicitly in the reactions). Monometallic catalysts are plotted for
comparison/optimization, but most endergonic reaction identities (and 4Ggrps) may differ from more rigorous DFT results
presented in the main paper. Error is introduced due to the approximate nature of the scaling relations used to construct this
diagram. Blue color is region of highest activity (circled in red), while red is the least active region. An analogous plot
constructed at 0.0 VV and 0.60 V is provided in the main text.



