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A: Supporting Information for
Chapter 2

In Figure Al we show that the PBE-calculated' d-band center of the Pt skin on the
near-surface alloys studied here linearly correlates with the number of valence
electrons of the metals along the 3d, 4d and 5d series. It was previously shown
that valence electrons correlate linearly with the d-band centers of various
transition metals."?
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FIGURE A1

D-band center of the Pt skin on the NSAs with respect to the d-band center of the top
layer of Pt(111) as a function of the valence electrons of the subsurface metals. A nearly
linear correlation between the d-band center and the valence electrons for various
metals along the 3d (Co, Ni, Cu), 4d (Rh, Pd, Ag), and 5d (Ir, Pt, Au) series is observed,
in line with previous reports.’

131



A: SUPPORTING INFORMATION FOR CHAPTER 2

subsurface element

Co, Rh, Ir Ni, Pd, Pt Cu, Ag, Au
1.5f
1.0 group 2 E
S }
(O]
~
> 05f
(o)}
—
Q
o
0.0}
-0.5| 8 g §
(o]
1 1 1
9 10 1
valence electrons
O AGYS-1 A AGHP1 0 Qou-l
8 AGYS-2 X AGHO-2 ® Qon2

FIGURE A2

Adsorption energies of group 1 functionals (PBE/ PW91) in orange and group 2
functionals (RPBE, vdW and with dispersion corrections) in green as a function of the
number of valence electrons of the subsurface metal atom in the Pt NSAs. For both
groups, squares represent the energies of 1/3 ML *OH in vacuum ( AGZ§°) triangles
represent the energies of *OH within the water bilayer (AGSII?,O), and circles represent the
solvation energy (Qy). Solvation energies for group 2 (green) are generally less
negative than those of group 1 (orange). The error bars cover the standard deviation of
the respective groups of functionals. The correlation between the number of valence
electrons and the d-band centers of the Pt skins is provided in Figure AT.
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FIGURE A3

Top and side view of the water adlayer on a {/3x/3 R30° unit cell of Pt (111) NSA. The
cell contains 3 metals per atom layer, and 2 water molecules per unit cell. The water
molecules are on top of a Pt metal. One water molecule is on the flat configuration and
the other one with one hydrogen pointing towards the surface as shown in the side view.

The water adlayer shown in Figure A3 is the ice-like water adlayer structure
found to be computationally stable in closed-packed metal surfaces.** This water
adlayer of 2/3 ML coverage can be adsorbed with one water molecule in the flat
configuration while the other water molecule can be with one hydrogen pointing
towards the surface (H-down) or away from it (H-up). The difference in energy
between these two configurations is small, about 0.05 eV as reported in the
literature based on DFT adsorption energies.*” Our calculated free energies of
adsorption of the water adlayer on Pt(111) show a difference of 0.01 eV between
the H-up and H-down configuration being the H-down configuration more
stable.
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TaBLE A1
Free energies of solvation ( Qyy) in eV for 1/3 ML *OH coadsorbed with 1/3 ML *H,O
within a water bilayer using different functionals. Avg1 and avg?2 are the averages of the
solvation energies for group 1 functionals (PBE, PW91) and group 2 functionals (RPBE,
vdW and dispersion corrections) across the same metal. Stdev1/2 are the
corresponding standard deviations of avg1/avg2. AvgO0 is the average of the solvation
energies across the metals for all the functionals and stdevO is its standard deviation.
MAX and MIN are the maximal and minimal values in the dataset across the same
functional. Range is the difference between MAX and MIN.2

metal PWOT PBE RPBE PDB§- Rﬂ;iE- (;‘/:3); BVEdEVl;'- a;g a\;g a;g st%ev std1€v stisv
Co -0.60 -0.69 -0.50 -0.45 -0.52 -0.48 -0.54 -0.64 -0.49 0.09 0.07 0.03
Rh -0.61 -0.61 -0.45 -0.47 -0.48 -0.47 -0.39 -0.50 -0.61 -0.45 0.08 0.00 0.04
Ir -0.63 -0.63 -0.43 -0.50 -0.50 -0.49 -0.43 -0.52 -0.63 -0.47 0.08 0.00 0.04
Ni -0.53 -0.52 -0.40 -0.43 -0.45 -0.43 -0.44 -0.46 -0.53 -0.43 0.05 0.01 0.02
Pd -0.56 -0.56 -0.36 -0.40 -0.41 -0.40 -0.39 -0.44 -0.56 -0.39 0.08 0.00 0.02
Pt -0.62 -0.62 -0.50 -0.45 -0.57 -0.45 -0.44 -0.52 -0.62 -0.48 0.08 0.00 0.05
Cu -0.50 -0.42 -0.32 -0.31 -0.27 -0.29 -0.28 -0.34 -0.46 -0.29 0.09 0.06 0.02
Ag -0.40 -0.38 -0.26 -0.25 -0.27 -0.25 -0.27 -0.30 -0.39 -0.26 0.06 0.02 0.01
Au -0.49 -0.50 -0.35 -0.35 -0.46 -0.35 -0.33 -0.40 -0.49 -0.37 0.08 0.01 0.05
mean -0.55 -0.55 -0.39 -0.40 -0.43 -0.41 -0.38
stdev 0.08 0.10 0.08 0.08 0.11 0.09 0.07
MAX -0.40 -0.38 -0.26 -0.25 -0.27 -0.25 -0.27
MIN -0.63 -0.69 -0.50 -0.50 -0.57 -0.52 -0.48
range 0.23 0.32 0.24 0.25 0.30 0.27 0.21
LNDm -0.08 -0.15 -0.10 -0.10 -0.14 -0.11 -0.10
LPDm 0.15 0.17 0.14 0.16 0.16 0.16 0.11
LPDPt 0.22 0.24 0.24 0.21 0.30 0.21 0.17
LNDPt -0.01 -0.07 0.00 -0.04 0.00 -0.06 -0.04
AOM 0.44
Stdev AOM 0.07
LND som 0.10
LPDaom 0.06
avg1 across functionals -0.55
avg2 across functionals -0.40
Diff avg1 - avg2 across functionals 0.15
Diff avg1 - avg2 across metals 0.14
[a] LNDm/LPDm: Largest negative/ positive deviation from the mean

LNDPt/LPDPt: Largest negative/ positive deviation from Pt

AOM: Average of the means
Standard deviation of AOM

LNDaom/LPDaowm: Largest negative/ positive deviation from the AOM
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TABLE A2

Adsorption energies in eV of 1/3 ML *OH in vacuum ( AGE%° ). avg1 and avg?2 are the
averages of the solvation energies for group 1 functionals (PBE, PW91) and group 2
functionals (RPBE, vdW and with dispersion corrections) across the same metal.
Stdev1/2 are the corresponding standard deviations of avg1/avg2. Avg0 is the average
of the solvation energies across the metals for all the functionals and stdevO is its
standard deviation.

metal PW91 PBE RPBE PBE-D3 RPBE-D3 optPBE BEEF-vdw avg0 avg1 avg2 stdevO stdev1 stdev2

Co 1.20 1.22 1.33 1.1 - 0.97 1.12 1.16 1.21 1.13 0.12 0.01 0.15
Rh 117 1.19 1.31 1.03 1.02 0.94 1.10 1.11 1.18 1.08 0.13 0.02 0.14
Ir 1.05 1.08 119 0.91 0.89 0.82 0.98 0.99 1.07 0.96 0.12 0.02 0.14
Ni 1.23 1.26 1.36 1.08 1.08 0.99 1.15 117 1.25 1.13 0.13 0.02 0.14
Pd 1.19 1.21 1.33 1.04 1.04 0.96 1.1 1.12 1.20 1.09 0.13 0.01 0.14
Pt 1.15 1.17 1.28 0.99 0.99 0.91 1.07 1.08 1.16 1.05 0.13 0.01 0.14
Cu 1.44 1.46 1.57 1.28 1.24 1.20 1.37 1.37 1.45 1.33 0.13 0.01 0.15
Ag 1.46 1.48 1.60 1.31 1.29 1.23 1.40 1.40 1.47 1.37 0.13 0.02 0.14
Au 1.29 1.31 1.43 114 1.13 1.05 1.22 1.22 1.30 1.19 0.13 0.02 0.15
TABLE A3

Adsorption energies in eV of 1/3 ML *OH coadsorbed with 1/3ML *H20O ( AG;IZIO). Avg1
and avg2 are the averages of the solvation energies for group 1 functionals (PBE, PW91)
and group 2 functionals (RPBE, vdW and with dispersion corrections) across the same
metal. Stdev1/2 are the corresponding standard deviations of avg1/avg2. Avg0 is the
average of the solvation energies across the metals for all the functionals and stdev0 is

its standard deviation.
metal PW91 PBE RPBE PBE-D3 RPBE-D3 optPBE BEEF-vdw avg0 avg1 avg2 stdev0 stdev1 stdev2

Co 0.60 0.53 0.83 0.66 - 0.45 0.64 0.62 0.57 0.65 0.13 0.05 0.16
Rh 0.56 0.58 0.86 0.55 0.54 0.47 0.72 0.61 0.57 0.63 0.13 0.01 0.16
Ir 0.43 0.45 0.76 0.41 0.39 0.34 0.55 0.47 0.44 0.49 0.14 0.01 0.17
Ni 0.70 0.74 0.97 0.65 0.63 0.56 0.72 0.71 0.72 0.70 0.13 0.03 0.16
Pd 0.63 0.65 0.97 0.64 0.63 0.55 0.73 0.69 0.64 0.70 0.14 0.02 0.16
Pt 0.53 0.55 0.78 0.54 0.43 0.46 0.63 0.56 0.54 0.57 0.12 0.02 0.15
Cu 0.94 1.04 1.25 0.97 0.97 0.91 1.09 1.03 0.99 1.04 0.12 0.08 0.14
Ag 1.06 1.1 1.34 1.07 1.03 0.98 1.13 1.10 1.08 1.1 0.12 0.03 0.14
Au 0.80 0.81 1.08 0.79 0.66 0.70 0.89 0.82 0.81 0.82 0.14 0.01 0.17
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TABLE A4
Normalized adsorption energies in eV/H,O molecule of 2/3 ML water adlayer on the Pt
NSAs for the different functionals studied (2 * +2 * H,0(1) - 2 * H,0, AGy,0).

metal PW91 PBE RPBE PBE-D3 RPBE-D3 optPBE BEEF-vdw

Co 0.07 0.15 0.24 -0.09 - -0.01 0.11
Rh 0.10 0.12 0.23 -0.10 -0.01 -0.02 0.08
Ir 0.10 0.12 0.21 -0.10 -0.01 -0.02 0.09
Ni 0.08 0.10 0.23 -0.09 0.00 -0.01 0.13
Pd 0.10 0.13 0.21 -0.10 -0.02 -0.03 0.11
Pt 0.10 0.13 0.24 -0.11 -0.02 -0.03 0.11
Ag 0.09 0.10 0.22 -0.12 -0.02 -0.04 0.10
Au 0.09 0.12 0.23 -0.11 -0.02 -0.03 0.10
Cu 0.12 0.11 0.23 -0.10 -0.03 -0.03 0.09

TABLE AS
Distances in A between the oxygen of the water lying flat within the 2/3 ML water adlayer

and the nearest Pt atom for the different functionals studied.
metal PW91 PBE RPBE PBE-D3 RPBE-D3 optPBE BEEF-vdw

Co 3.46 BI5?, 4.26 274 - 278 3.84
Rh 3.03 3.05 4.38 2.69 2.77 3.00 3.49
Ir 3.00 3.03 4.53 2.62 272 2.99 3.49
Ni 3.43 3.47 4.36 2.71 2.77 2.85 3.71
Pd 2.88 291 4.64 2.67 275 2.98 3.29
Pt 2.82 2.89 4.73 2.66 274 2.96 3.26
Ag 3.05 3.10 4.49 291 2.89 3.06 3.27
Au 2.97 3.02 4.46 279 2.81 2.98 3.21
Cu 3.31 3 4.46 2.87 2.85 3.13 3.74
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TABLE A6

Distance in A between the oxygen of the water lying flat in the 1/3 ML *OH coadsorbed

with 1/3 ML H,O and the nearest Pt atom.

metal PW91 PBE RPBE PBE-D3 RPBE-D3 optPBE BEEF-vdw
Co 227 227 232 225 229 234
Rh 2.25 225 2.31 225 2.28 2.28 2.33
Ir 223 223 2.28 2729 226 226 2.30
Ni 2.27 227 2.33 227 2.30 2.30 2.35
Pd 225 226 232 225 229 2.28 2268
Pt 223 223 2.28 222 227 2.25 2.30
Cu 2.34 233 243 232 237 2.37 2.46
Ag 2.34 235 2.49 2.33 2.40 2.39 2.48
Au 2.28 228 237 227 2.31 2.32 2.40

TABLE A7

Zero point energies (ZPEs) in eV for molecules in the gas phase.

TABLE A8

Optimized lattice constants (a) in A for bulk Pt.

Hyg)  HO(g)
0.269 0.568
PW91
0.268 0.568
PBE
0.270 0.568
RPBE
0.268 0.568
PBE-D3
0.270 0.567
RPBE-D3
0.271 0.566
optPBE
0.277 0.577
BEEF-vdw
Functional a
PW91 Y%
PBE 3.98
RPBE 4.00
PBE-D3 3.93
RPBE-D3 855
optPBE 4.00
BEEF-vdw 4.00
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TABLEB 1

Calculated change in work function A¢, change in surface dipole Ay, distance between
surface and adsorbates r, Bader partial charges |q|, and free energies of adsorption, of
Cl, Br, I, SO4-s0l/SO, with and without solvation on Pt(111) and Au(111).

adsorbate Ap/ eV Au/ eh /A |ql/ e- Gads/ eV
Pt Au Pt Au Pt Au Pt Au Pt Au

Cl -0.22 040 | -0.07 013 | 252 271 |-027 -0.39 | 0.55 0.92

Br -045 023 | -0.15 007 | 263 282 |-0.12 -0.27 | 0.18 0.58

| -0.81  -0.10 | -0.27 -0.05 | 272  2.93 0.13  -0.09 | -0.52 0.04
SO4 1.38 227 | 047 082 | 2.11 222 | -085 -1.03 | 0.83 1.51
SO4-sol 2.36 3.17 | 0.79 1.13 | 232 251 -0.97  -1.11 | 0.56 0.82

TABLEB 2

DFT simulated and experimentally measured adsorption potentials’? in V vs SHE of I*,
Br*, Cl*, and SO,* on Pt(111) and Au(111) as well as OH* and the first and second
monolayers of Ag* on P{(111). The simulated adsorption potentials include dipole
corrections and electrode-electrolyte interfacial field contribution using the
experimental PZC of 0.3 and 0.51 V vs SHE for Pt(111) and Au(111).4 SO4* is solvated by
displacing 2 water molecules from a 6 water adsorbed bilayer (leaving 4 water
molecules with SO4*) and OH* is solvated by removing a proton from a 3 water cluster
(leaving 2 water molecules with OH*).

adsorbate Pt(111) Au(111)
DFT Exp DFT Exp
Cl 0.55 0.30 0.92 0.44
Br 0.18 0.12 0.58 0.14
| -0.52 -0.41 0.04 -0.26
SO, 0.83 0.48 1.51 0.74
SO4-sol 0.56 0.48 0.82 0.74
OH-vac 1.15 0.60 -- --
OH-sol 0.61 0.60 - -
Ag 1ML 0.99 1.22 -- --
Ag 2ML 0.68 0.77 - -
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TABLEB 3
DFT calculated adsorption potentials, Usyg, with dipole corrections (u corr) using the
experimental PZC of Pt/Au (0.3/0.51 V) 4 and at PZC = 0 V vs SHE, and without dipole
corrections (No p corr). Diff 1 Pt/Au is the difference between the columns (No p corr)
and (p corr / PZC Pt/Au, respectively. Diff 2 is the difference between the columns (No
p corr) and (p corr / PZC=0 V).

Pt(111)

adsorbate u corr/ PZC=0.3 V u corr/ PZC=0V No uy corr  Diff 1Pt Diff2

Cl 0.55 0.54 0.55 0.01 0.01

Br 0.18 0.17 0.18 -0.01 0.01

I -0.52 -0.54 -0.59 -0.07  -0.05

SO4 0.83 0.86 0.79 -0.04 -0.07

SOqs-sol 0.56 0.60 0.54 -0.03 -0.06

OH vac 1.15 1.15 1.14 -0.01  -0.01

OH-sol 0.61 0.59 0.63 0.02 0.04

Ag 1ML 0.99 0.99 0.97 -0.01 -0.01

Ag 2ML 0.68 0.68 0.68 0.00 0.00
Au(111)

u corr/PZC=0.51V u corr/ PZC=0V No u corr  Diff TAu  Diff2

Cl 0.92 0.94 0.90 -0.02 -0.04

Br 0.58 0.59 0.58 0.00 -0.01

I 0.04 0.03 0.03 -0.01 0.00

SO4 1.51 1.58 1.37 -0.14 -0.22

SO4-sol 0.82 0.91 0.78 -0.05 -0.13
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C.1 Plane-wave cutoff convergence test

Table C1 shows the results of a plane-wave cutoff test made to ensure that the
results provided here do not strongly depend on the use of plane waves as a basis
set and that 400 eV suffices to provide converged results.

TABLE C1

Plane-wave energy cutoff test (ENCUT, in eV) as for PBE, based on the free energy
(AGpr, in eV) of COz + Hz — CO + H20 from 300 eV to 1000 eV. The values under Diff (in
eV) are the difference between successive higher and smaller plane-wave energy
cutoffs.

ENCUT AGppr Diff

300 0.74

350 0.73  -1.10x10?
400 0.73  -2.46x103
500 0.74  1.17x10%
600 0.74 -4.07x10*
700 0.71 -3.18x10?
800 0.72  1.69x10%
900 0.71 -1.54x10?
1000 0.70  -3.66x107

C.2 Dataset A

In Table C2 we provide the calculated and experimental formation energies of
the 27 compounds under study. The energies are calculated with respect to H,(g),
O.(g), and C(s), modelled as graphene (see section 6). O,(g) energetics was
corrected to obtain the values in Table C2, as its poor description by most xc-
functionals is well known.! The semiempirical approach is based on H,(g), H:O(1),

and the energetics of 2H, +0, = 2H,0, as described in previous works."*** For

PBE, the gas-phase correction is -0.46 eV. If that correction is not applied, the
average deviation in Data set A from experiments is 0.21 eV for PBE and all
deviations are positive, corroborating previous observations on formation
energies in which diatomic molecules are involved.*
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TABLE C2

Standard free energies of formation (AGper, in eV) for 27 gas-phase molecules
calculated with PBE, PW91, RPBE, and BEEF-vdW xc-functionals, together with the
corresponding experimental values from thermodynamic tables.>”

Compound PBE PW91 RPBE  BEEF-vdW exp

CcoO -1.18 -1.17 -1.50 -1.60 -1.42
CO; -427  -4.23 -4.55 -4.65 -4.09
CH,0 (formaldehyde) -1.13 -1.14 -1.27 -1.27 -1.06
CH., (methane) -0.51  -0.55 -0.46 -0.27 -0.52
CH,O (methanol) -1.72 -1.75 -1.67 -1.59 -1.68
CH,0; (formic acid) -3.83  -3.82 -3.92 -3.98 -3.64
C.H,0; (glyoxal) 213 214 -2.39 -2.46 -1.97
C.H,O; (acetic acid) -4.03  -4.05 -4.04 -4.02 -3.88
C:H,0; (methyl formate) -331 -3.34 -3.34 -3.36 -3.11
C:H, (ethylene) 0.75 0.69 0.68 0.88 0.71

C.H,O (ethylene oxide) -0.31 -0.32 -0.34 -0.19 -0.13
C:H,O (acetaldehyde) -1.46  -1.50 -1.53 -1.42 -1.38
C,Hs (ethane) -029  -0.36 -0.21 0.08 -0.33
C.H;0 (ethanol) -1.74  -1.80 -1.63 -1.47 -1.74
C.H;O (dimethyl ether) -1.21 -1.27 -1.10 -0.97 -1.17
C:H, (acetylene) 2.29 2.25 2.06 221 2.18
CsH; (propane) -0.17  -0.26 -0.01 0.34 -0.24
C3H;0 (acetone) -1.65 -1.71 -1.64 -1.45 -1.58
C3Hs0 (isopropanol) -1.73  -1.81 -1.52 -1.30 -1.80
Cs3HsO (propanol) -1.61  -1.69 -1.41 -1.18 -1.66
CsHeO (propanal) -1.36 -1.42 -1.35 -1.18 -1.28
C3HsO (propylene oxide) -043  -0.46 -0.38 -0.16 -0.29
C3HsO; (methyl acetate) -351  -3.56 -3.46 -3.40 -3.39
C4H;0 (butanal) -1.19  -1.27 -1.13 -0.88 -1.18
CaHio (butane) -0.05  -0.16 0.18 0.59 -0.19
C4H100 (butanol) -1.48  -1.58 -1.22 -0.93 -1.56
CsHi, (pentane) 0.09 -0.06 0.38 0.85 -0.09
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C.3 DatasetB

In the following tables we provide the reaction energies calculated for the
formation of molecules in data set A from co, (Table C3) and CO (Table C4). in
the free energies of reaction in Tables C3 andC4, we used gas-phase water, H,O(g).

TABLEC3

Data set containing free energies of reaction (in eV) for the PBE, PW91, RPBE, BEEF-vdW
xc-functionals together with the corresponding experimental values. The data set
contains the free energies of reaction from C02(g) and Hz(g) and producing the specific

substance in parentheses and H.O(g), when needed.

Reaction PBE PW9I1 RPBE  BEEF-vdW Exp
CO, + H, — CO + H,O 0.73 0.69 0.68 0.68 0.30
CO, + H, - HCOOH 0.45 0.41 0.63 0.67 0.45
CO; + 2 H, — CH.O + H,O (formaldehyde) 0.78 0.73 0.91 1.01 0.66
CO, + 3 H, — CH;0H + H,0 (methanol) 0.18 0.11 0.51 0.69 0.04
CO, +4 H, — CH; + 2 H,O (methane) -0.97 -1.05 -0.65 -0.36 -1.17
2 CO; + 6 H, = C,H, + 4 H,O (ethylene) -0.18 -0.32 0.30 0.70 -0.59
2 CO; + 3 H, = C,H,02 + 2 H,O (glyoxal) 1.68 1.59 1.97 2.10 1.47
2 CO, +4 H, — C,H,02 + 2 H,O (acetic acid) -0.22 -0.32 0.32 0.54 -0.44
2 CO; +4 H, — C,H,02 + 2 H,O (methyl formate) | 0.50 0.39 1.02 1.19 0.33
2 CO, + 5 H, = CH40 + 3 H,O (eth. oxide) 1.13 1.04 1.65 2.00 0.93
2 CO, + 5 H; — C,H,0 + 3 H,0 (acetaldehyde) -0.02 -0.14 0.46 0.77 -0.31
2 CO; + 5 H, = CH, + 4 H,0 (acetylene) 1.37 1.24 1.68 2.02 0.87
2 CO; + 6 H; — C,HO + 3 H,0 (ethanol) -0.30 -0.44 0.36 0.72 -0.67
2CO; + 6 H, —» C,H60 + 3 HyO (dimethyl ether) 0.23 0.09 0.89 1.22 -0.10
2 CO, +7 H, — C;Hg + 4 H,O (ethane) -1.22 -1.37 -0.58 -0.10 -1.63
3 CO, + 8 H, — C3HsO + 5 H,O (acetone) -0.68 -0.86 0.16 0.65 -1.17
3 CO, + 9 H, — C3H;0 + 5 H,O (isopropanol) -0.75 -0.96 0.29 0.80 -1.38
3 CO, + 10 H, — C3Hs + 6 H,O (propane) -1.56 -1.77 -0.58 0.07 -2.20
3 CO, + 9 H,— C3H;0 + 5 H,O (1-propanol) -0.63 -0.83 0.39 0.91 -1.24
3 CO, + 8 H, — C3H0O + 3 H,O (propanal) -0.38 -0.56 0.45 0.92 -0.87
3 CO, + 8 H; — C3H,O + 5 H,O (propylene oxide) 0.55 0.39 1.42 1.93 0.13
3 CO; + 7 Hy, = C3HO2 + 4 H,O (methyl acetate) -0.17 -0.34 0.71 1.06 -0.60
4 CO, + 11 H, — C4H;30 + 7 H,0 (butanal) -0.67 -0.92 0.49 1.12 -1.42
4 CO, + 13 H, — C4Hyo + 8 H,O (butane) -1.91 -2.18 -0.58 0.23 -2.79
4 CO, +12 H, — C4H;40 + 7 H,O (1-butanol) -0.96 -1.23 0.39 1.07 -1.79
5CO, + 16 H, — CsHy, + 10 H,O (pentane) -2.24 -2.58 -0.56 0.40 -3.34
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TABLE C4

Data set containing free energies of reaction (in eV) for the PBE, PW91, RPBE, BEEF-vdW
xc-functionals together with the corresponding experimental values. The table contains

free energies of reaction from CO(g) and H,(g) and producing the specific substance in
parentheses and HyO(g), when needed. Only for formic acid, the product is obtained

from CO(g) and H,O(g).

Reaction PBE PW91 RPBE BEEF-vdW  Exp
CO +H,0 — CO,+H, -0.73 -0.69 -0.68 -0.68 -0.30
CO + H,0 — HCOOH (formic acid) -0.28 -0.28 -0.05 -0.01 0.15
CO+ H; — CH,O (formaldehyde) 0.05 0.03 0.23 0.33 0.36
CO + 2H, — CH;0H (methanol) -0.54 -0.58 -0.18 0.01 -0.26
CO + 3H, — CHy + H,O (methane) -1.70 -1.74 -1.33 -1.04 -1.47
2 CO +4 H, — C,H, + 2 HyO (ethylene) -1.63 -1.71 -1.07 -0.65 -1.19
2 CO + H; — C,H,0; (glyoxal) 0.23 0.21 0.60 0.74 0.88
2 CO + 2 H, — C,H,0; (acetic acid) -1.67 -1.71 -1.05 -0.82 -1.03
2 CO + 2 H, — C,H,0, (methyl formate) -0.95 -1.00 -0.35 -0.16 -0.26
2 CO + 3 H, — C,H,0 + H,0 (eth. oxide) -0.32 -0.35 0.28 0.64 0.34
2 CO + 3 H, = C,H,0 + H,O (acetaldehyde) -1.48 -1.53 -0.91 -0.59 -0.90
2 CO + 3H, — CH; + 2 H,0 (acetylene) -0.09 -0.15 0.31 0.67 0.28
2 CO +4 H, — C,H;0 + HO (ethanol) -1.75 -1.82 -1.01 -0.64 -1.27
2 CO +4 H, — C,H;0 + H,O (dimethyl ether) -1.22 -1.30 -0.48 -0.13 -0.69
2 CO + 5 H, — C,Hg + 2 H,O (ethane) -2.67 -2.75 -1.95 -1.46 -2.23
3 CO + 5 H, — C3HgO + 2 H,O (acetone) -2.86 -2.94 -1.89 -1.39 -2.06
3 CO + 6 H, — C3H;0 + 2 H,O (isopropanol) -2.93 -3.03 -1.77 -1.24 -2.27
3 CO +7 H, — C;H; + 3 H,O (propane) -3.74 -3.85 -2.63 -1.97 -3.08
3CO + 6 Hy — C3H;0 + 2 H,0 (propanol) 281  -291 -1.66 112 216
3 CO + 5 H, — C3HO + 2 H,O (1-propanal) -2.56 -2.64 -1.60 -1.11 -1.77
3 CO + 5 H, — C3H;0 + 2 H,O (propylene oxide) -1.63 -1.69 -0.63 -0.10 -1.01
3 CO +4 H, — C3H;0; + H,O (methyl acetate) -2.35 -2.42 -1.34 -0.97 -1.49
4 CO +7 H, — C4H;0 + 3 H,O (butanal) -3.58 -3.69 -2.25 -1.59 -2.60
4 CO + 9 H, — C4Hyo + 4 H,O (butane) -4.81 -4.95 -3.31 -2.48 -3.98
4 CO +8 H, — C4H;00 + 3 H,O (1-butanol) -3.87 -4.00 -2.34 -1.64 -2.98
5CO +11 H, — CsHy, + 5 H,O (pentane) -5.87 -6.05 -3.98 -2.99 -4.82
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In Table C5 we list the corrections included for all analyzed compounds
depending on the functional used.

TABLE C5

Applied corrections per functional for the molecules in data set A.
Compound PBE PWo1 RPBE BEEF-vdW
cO CO CO CO CO
CO, CO, CO, CO, CO,
CH,O (formaldehyde) -C=0- -C=0- -C=0- -C=0-
CH, (methane) -CHx - -CHx -CHx
CH,O (methanol) -CHx - -CHx -CHx, OH
CH,0: (formic acid) CO, -(C=0)O- -(C=0)0O- -(C=0)0O-
C,H,0: (glyoxal) 2 -C=0- 2 -C=0- 2 -C=0- 2 -C=0-
C,H,O: (acetic acid) -CHx, CO, -(C=0)O- -CHx, -(C=0)O- -CHx, -(C=0)0O-
C,H,0: (methyl formate) -CHx, CO, -(C=0)O- -CHx, -(C=0)O- -CHx, -(C=0)0O-
C,H, (ethylene) - - - -
C,H,O (ethylene oxide) - - - -
C,H,O (acetaldehyde) -CHx, -C=0- -C=0- -CHx, -C=0- -CHx, -C=0-
C,H; (ethane) 2 -CHx - 2 -CHx 2 -CHx
C,H;0 (ethanol) 2 -CHx - 2 -CHx 2 -CHx, OH
C,H;0O (dimethyl ether) - - - -
C,H, (acetylene) - - - -
C;H; (propane) 3-CHx - 3-CHx 3-CHx
C;H;0 (acetone) 2 -CHx, -C=0- -C=0- 2 -CHx, -C=0- 2 -CHx, -C=0-
C;H;0 (isopropanol) 3-CHx - 3-CHx 3 -CHx, OH
C;H;0 (propanol) 3-CHx - 3-CHx 3 -CHx, OH
C;3H;0O (propanal) 2 -CHx, -C=0- -C=0- 2 -CHx, -C=0- 2 -CHx, -C=0-
C5H,O (propylene oxide) -CHx - -CHx -CHx
C3HsO: (methyl acetate) 2 -CHx, CO, -(C=0)O- 2-CHx, -(C=0)O- 2-CHx, -(C=0)O-
C4H;0 (butanal) 3-CHx, -C=0O- -C=0O- 3 -CHx, -C=0- 3 -CHx, -C=0-
C4Hy (butane) 4 -CHx - 4 -CHx 4 -CHx
C4Hy,0 (butanol) 4 -CHx - 4 -CHx 4 -CHx, OH
CsHy, (pentane) 5-CHx - 5-CHx 5-CHx

146




C: SUPPORTING INFORMATION FOR CHAPTER 4

C.4 Pinpointing errors

For all functionals, the errors in the energies of CO and o, are determined by
means of Eq. 4.2 in the main text. In the following, we summarize how the other

errors in Table 1, besides €y and &, , were determined for each functional. The

general procedure is shown in the workflow scheme 4.1 in the main text, and

below.

1. Start with the simplest organic functional group in the data set. In this case, we
start with alkanes, which are formed only by -CH, groups (see the column

highlighted in red in Figure C1).

e
1 CHq4
2 C>He
3 CsHs
4 C4Hio
5 CsHiz

FIGURE C1

Pinpointing errors in data set A. Step 1: the alkanes in the set are gathered.

AGZ)FT
-0.51
-0.29
-0.17
-0.05

0.09

AGixp

-0.52
-0.33
-0.24
-0.19

-0.09

avg

stdev

er/ng

0.02

0.02

0.02

0.03

0.03

0.03

2. Calculate &, (Eq. 4.2 in the main text) and find common trends (is the error

constant or increasing/ decreasing by a relatively constant amount?). In this case
for PBE, the error increases alongside the length of the carbon chain nc (see the

column highlighted in red in Figure C2).
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e AGprr AGepxp & gr/nc
1 CH4 -0.51 -0.52 0.02 0.02
2 C2He -0.29 -0.33 0.04 0.02
3 C3Hs -0.17 -0.24 0.07 0.02
4 CsHio -0.05 -0.19 0.14 0.03
5 CsHiz 0.09 -0.09 0.17 0.03

avg 0.03
stdev 0.01

FIGURE C2

Pinpointing errors in data set A. Step 2: the errors are calculated for each substance in
the list.

3. To find an approximate &_,, , normalize the separate errors by the number of

-CH, units (nc) and calculate the average (see the column highlighted in red in
Figure C3).

nc AGprr AGepxp €1 gine
1 CHa -0.51 -0.52 0.02 0.02
2 C2Hs -0.29 -0.33 0.04 0.02
3 CsHs -0.17 -0.24 0.07 0.02
4 CsHio -0.05 -0.19 0.14 0.03
5 CsHi 0.09 -0.09 0.17 0.03
avg 0.03

stdev 0.01

FIGURE C3

Pinpointing errors in data set A. Step 3: the errors are normalized by the number of -
CH, units in the compound. The -CH, error is the average of all the individual errors in
the list.
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4. For molecules with more than one functional group, first eliminate the error

contribution of a known &; , then obtain the average value of the isolated error.

For example, for aldehydes and ketones the carbonyl-group error is isolated by
subtracting from the total error the contribution of the hydrocarbon error (see the
column highlighted in red in Figure C4).

AGBFT AGEXP €T &y —Nc - €cy,

CH20
Formaldehyde -1.13 -1.06 -0.06 -0.06
C2H40
Acetaldehyde -1.46 -1.38 -0.09 -0.11
C3HeO 136 18 008 o
Propanal
-~ 19 -LI8 0.00 -0.08
Butanal
C;HeO 165 18 007 ol
Acetone
avg -0.10
stdev 0.03

FIGURE C4

Pinpointing errors in data set A. Step 4: the aldehydes in the data set are gathered, their
errors calculated and the -CH, errors subtracted to ultimately find the carbonyl-related
error upon averaging.

To isolate the contributions of the groups to the overall errors, at least 2 molecules
representative of the organic functional group are necessary. To illustrate that,
the error in the carbonyl group -C=O- for PW91 was determined using 4
representative molecules out of 5, see Table C10.

C.4.1 PBE
C.4.1.1 -CHy errors in PBE

To determine whether there is an error on this functional group we took the
alkanes in data set A and compared their associated errors calculated with Eq. 4.2
in the main text. The errors are shown in Table C6.

The first observation is that the absolute value of & increases alongside
the length of the carbon chain. Thus, the error is normalized by the number of
carbon atoms in the molecule, as shown in Table C6 in the column &; / nc. The
average of those values is the error attributed to -CH, components. As this is a
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cumulative error, it is particularly important to take it into account when
correcting energies of molecules with large carbon chains.

TABLE C6

Calculated (PBE) and experimental standard free energies in eV for the alkanes in data
set A. e is the error with respect to experiments (Eq. 4.2 in the main text), & /nc is the
error normalized by the number of -CH, moieties (n¢) in the molecule. The average of
er /nc is equivalent to gcy_in Table 1 of the main text.

-CHx AGprr  AGpxp er er Inc

1 CH, -051 -052 0.02 0.02
2 GHg  -029 -033 0.04 0.02
3 GHs -0.17 -0.24 0.07 0.02
4 CHy, -005 -0.19 0.14 0.03
5 GHi 0.09 -0.09 0.17 0.03
avg 0.03

stdev 0.01

C.4.1.2. -C=0- errors in PBE

-C=0- is the error of carbonyl groups, so it pertains to aldehydes and ketones.
Some of the molecules in this group contain -CH, moieties, so to determine the
error that comes solely from the carbonyl group we subtract the -CH, error from
the total error, as shown in Table C7 under &7 — n¢ * &¢y . Acetaldehyde has one
-CH, moiety, propanal and acetone have two, and butanal has three. The average
of the remainders (g7 — n¢ * €¢y, ) is the error for carbonyl groups, which is equal
to -0.1 eV. To determine whether this error is significant and should be
considered apart from the CO error, we took the difference between the

calculated average error (é__,_) and STCO (0.24 eV). As the difference is on

average -0.35 eV, we can safely classify the -C=O- error in a separate category
and, thus, carbonyl groups are to be corrected by ~-0.1 eV.
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TABLE C7
Calculated (PBE) and experimental standard free energies in eV for the molecules

with carbonyl groups in data set A. & —7N. &y, is the difference between the

respective error and the number of -CH, components in the molecule. The
average error corresponds to the —-C=0O- error in Table 1 of the main text.

aldehydes/ketones AGprr  AGexp £ &~ Ecyy

Formaldehyde -1.13 -1.06 -0.06 -0.06
Acetaldehyde -146 -138 -0.09 -0.11
Propanal -1.36 -128  -0.08 -0.13
Butanal -1.19  -1.18  0.00 -0.08
Acetone -1.65 -158  -0.07 -0.12

avg -0.10

stdev  0.03

C.4.1.3. (C=0)O- errors in PBE

A similar analysis to that of -C=0- is followed for carboxylic acids and esters in
data set A. First, we find that &; is nearly constant for all the molecules containing
the -(C=0)O- moiety, then the error from -CHj is subtracted to finally obtain the
tabulated error contribution for -(C=0)O- moieties of -0.19 eV. Furthermore, the
difference in the calculated error and the co, error is ~-0.01 eV, indicating that the
error in the energies of carboxyl-containing molecules might be corrected by the
o, error, depending on the desired level of accuracy.
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TABLE C8
Calculated (PBE) and experimental standard free energies in eV for carboxylic
acids and esters in data set A. Avg is the average error associated to these

compounds.
acids/esters AGppr  AGgyp &1 & Moy
Formic Acid -383 364 -019 -0.19
Acetic Acid -403 -388 -0.15 -0.18

Methyl formate -3.31 -311 -020 -0.23

Metyl Acetate -3.51 -3.39 -0.13 -0.18
avg -0.19
stdev  0.02

C.4.1.4. —-OH errors in PBE

To determine whether alcohols need a correction, we deconvoluted the total error
and the -CH, error. The average error for -OH moieties is —0.04 eV. The MAE on
the products from co, and H, reactions, with and without correction -OH is 0.037
and 0.040 eV. For products from CO and H,, the MAE with and without correction
for -OH is 0.035 and 0.034 eV. Hence, we do not correct -OH, but note that this
correction can enhance the reaction energetics particularly for short carbon chain
alcohols, such as methanol and ethanol.

For example, the error for producing methanol within PBE based on the

reaction CO, + 3H, — CH;OH + H,O is 0.14 eV, as seen from Table C3, data set
B. After correcting the free energy of co, on the reactants and -CH, on the

products (Eq. 4.6 in the main text: AGppr — €co, + €cn,) as (0.18 eV + (-0.19 eV)
—(0.03 eV), the free energy becomes AG,,,, = -0.04 eV and the error is -0.08 eV.
Further correction by &, =-0.04 eV, reduces the error to -0.04 eV.

TABLE C9
Calculated (PBE) and standard free energies in eV for alcohols in data set A. Avg

is the average error associated to these compounds.

alcohol AGODFT AG;XP Er ST - nC . 5CH,

Methanol -1.72  -1.68 -0.04 -0.06
Ethanol -1.74 -1.74 0.00 -0.05
Propanol -1.61 -1.66  0.05 -0.03
Butanol -1.48  -156  0.09 -0.02
avg -0.04
stdev  0.02
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C.4.2. PW91

C.4.2.1. -CHy in PW91

As shown in Table C10, -CH, moieties in PW91 do not show significant errors.
Therefore, PW91 calculated energies do not require this type of correction.

TABLEC10

Calculated (PW91) and experimental standard free energies in eV for the alkanes in data
set A and an assessment of their associated errors.

-CH: AGppr  DGpxp &r er Inc
1 CH, -055 -052 -0.02 -0.02
2 CHs -036 -033 -0.03 -0.01
3 CHs -026 -024 -0.02 -0.01
4 | CHyp -016 -019 0.03 0.01
5 | GHyp -006 -0.09 0.03 0.01
avg -0.01
stdev  0.01

C.4.2.2. -C=0-in PW91

As there is practically no error associated to -CH, moieties for PW91, the errors
for carbonyl groups are determined directly from the differences with respect to

experiments.

TABLEC11

Calculated (PW91) and experimental standard free energies in eV for aldehydes and

ketones in data set A, and an assessment of their average associated errors.

aldehydes/ketones AGppr AGgxp er
Formaldehyde -1.14 -1.06 -0.07

Acetaldehyde -1.50 -1.38 -0.12

Propanal -1.42 -1.30 -0.12

Butanal -1.27 -1.18 -0.09

avg -0.10

stdev 0.02
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C.4.2.3. (C=0)O- errors in PW91

In line with PBE, the error for acids and esters in PW91 is similar to the CO; error.
In fact, the average error of -0.19 eV differs from that of CO, (-0.15 eV) by 0.05 V.
In both cases, for the products obtained from CO, and H,, and CO and H,, the MAE
is 0.041 and 0.037 eV correcting by -0.15 and -0.19 eV, respectively. Here we have
decided to correct the -(C=0O)O- moiety by the error found (-0.19 eV) but, in
principle, one could correct CO,, carboxylic acids and esters using the CO, error,
depending on the required degree of accuracy.

TABLE C12
Calculated (PW91) and experimental standard free energies of formation in eV for
carboxylic acids and esters in data set A, and an assessment of their associated errors.

acids/esters AGppr AGpyp &r
Formic Acid -3.82 -3.64 -0.18
Acetic Acid -4.05 -3.88 -0.17
Methyl formate -3.34 -3.11 -0.23
Methyl Acetate -3.56 -3.39 -0.18
avg -0.19
stdev 0.03

C.4.2.4. —-OH errors in PW91

Based on the error analysis in Table C10, this functional does not display sizable
-CH, errors. Therefore, the average -OH error can be straightforwardly calculated
in Table C13 as —0.04 eV. As is the case for PBE (section C.4.1.4), correcting this
error might be advisable for short carbon chain alcohols, depending on the
required accuracy. The MAE for CO, and H, products and for CO and H, (some
using CO and H,0) is 0.036 and 0.037 eV with and without -OH correction.
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TABLEC13
Calculated (PW91) and experimental standard free energies in eV for alcohols in data
set A, and an assessment of their associated errors.

alcohol AGppr AGgyp &r
Methanol -1.75 -1.68 -0.07
Ethanol -1.80 -1.74 -0.06
Propanol -1.69 -1.68 -0.01
Butanol -1.58 -1.56 -0.02
avg -0.04
stdev 0.03

C.4.3. RPBE
C.4.3.1. -CHy errors in RPBE

The average contribution of -CH, moieties to the total errors in the formation
energies of alkanes is 0.08 eV/CHL,. The total error is, thus, appreciably larger
than that of PBE for large molecules.

TABLEC14
Calculated (RPBE) and experimental standard free energies in eV for the alkanes in data
set A, and an assessment of their associated errors.

-CH, AGppr AGpxp ér er/nc
1 CH, -0.46 -0.52 0.07 0.07
2 CHs -0.21 -0.33 0.13 0.06
3 GsHs -0.01 -0.24 0.23 0.08
4 CyHio 0.18 -0.19 0.37 0.09
5 CsHi 0.38 -0.09 0.47 0.09
avg 0.08
stdev 0.01

C.4.3.2. -C=0- errors in RPBE

The average error obtained for aldehydes and ketones is -0.21 eV, see Table C15.
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TABLE C15
Calculated (RPBE) and experimental standard free energies in eV for aldehydes and
ketones, and an assessment of their associated errors.

Aldehydes/ketones AGppr  AGpxp er & —Ne ey

Formaldehyde -127 -1.06 -021 -0.21
Acetaldehyde -153 -1.38 -0.15 -0.23
Propanal -1.35 -130 -006 -0.21
Butanal -1.13 -1.18 0.05 -0.18
Acetone -1.64 -158 -0.06 -0.22

avg -0.21

stdev  0.02

C.4.3.3. ((C=0)O- errors in RPBE

The average error for acids and esters is -0.27 eV. Thus, correcting this moiety by
the CO, error (-0.46 eV) is not advisable.

TABLEC16
Calculated (RPBE) and experimental standard free energies in eV for carboxylic acids
and esters in data set A, and an assessment of their associated errors.

acids/esters AGyer  AGryp & & — N &y
Formic Acid -3.92 -3.64 -0.28  -0.28 :
Acetic Acid -4.04 -3.88 -0.16 -0.24
Methyl formate -3.34 -3.11 -023  -0.31
Methyl Acetate -3.46 -3.39 -0.08 -0.23
avg -0.27
stdev  0.04

C.4.3.4. —-OH errors in RPBE

To determine whether alcohols need a correction, we deconvoluted the total error
from that of -CH.. As the values in the column ¢, —n, &, in Table C17 show

that the isolated error is not substantial (-0.01 eV), we conclude that simple
alcohols do not need corrections in RPBE, but methanol and ethanol might benefit
from specific corrections in specialized studies.
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TABLEC17

Calculated (RPBE) and experimental standard free energies in eV for alcohols in data

set A, and an assessment of their associated errors.

alcohol

AGppr

AGryp

C.4.4. BEEF-vdW

C.4.4.1. -CH,errors in BEEF-vdW

ér & —Ne gy
Methanol -1.67 -1.68 0.01 -0.07
Ethanol -1.63 -1.74 0.11 -0.05
Propanol -1.41 -1.68 0.27 0.04
Butanol -1.22 -1.56 0.34 0.02
avg -0.01
stdev 0.05

As shown in Table C18, -CH, errors are large for this xc-functional compared to

the others: 0.21 eV /CHL,.

TABLEC18

Calculated (BEEF-vdW) and experimental standard free energies in eV for the alkanes
in data set A, and an assessment of their associated errors.

-CH, AGppr AGgxp &r er/nc

1 CH, -0.27 -0.52 0.25 0.25

2 CoHg 0.08 -0.33 0.41 0.21

3 CsHs 0.34 -0.24 0.58 0.19

4 CyHio 0.59 -0.19 0.78 0.20

5 GCsHiz 0.85 -0.09 0.94 0.19
avg 0.21
stdev 0.03

C.4.4.2. —C=0O- errors in BEEF-vdW

The errors in aldehydes and ketones are on average -0.27 eV, obtained after
subtracting the contributions of -CH, moieties.
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TABLE C19
Calculated (BEEF-vdW) and experimental standard free energies in eV for aldehydes
and ketones in data set A, and an assessment of their associated errors.

aldehydes/ketones AGprr AGryxp  &r & —Ne by

Formaldehyd -127 -1.06 -0.21 -0.21
e
Acetaldehyde -142  -1.38 -0.04 -0.25
Propanal -1.18  -1.30 0.12 -0.30
Butanal -0.88 -1.18 0.30 -0.33
Acetone -1.45  -1.58 0.13 -0.28

avg -0.27

stdev 0.04

C.4.4.3. -(C=0)O- errors in BEEF-vdW

For BEEF-vdW this error is divided into 2 groups: that of carboxylic acids and
that of esters (see Table 1). This is because the average calculated errors for the
two groups differ by ~0.10 eV. In both cases the errors are different from that of
CO,, see Tables S20-S21.

TABLE C20
Calculated (BEEF-vdW) and experimental standard free energies in eV for carboxylic
acids in data set A, and an assessment of their associated errors.

carboxylic acids AGppr  AGayp &r & —NeEy
Formic Acid -3.98 -3.64 -0.34 -0.34
Acetic Acid -4.02 -3.88 -0.14  -0.34
avg -0.34
stdev  0.00
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TABLE C21
Calculated (BEEF-vdW) and experimental standard free energies in eV for esters in data
set A, and an assessment of their associated errors.

esters AGppr AGgyp ér Er e &gy,
Methyl formate 336 311 025 046

Metyl Acetate -3.40 -3.39 -0.01 -0.43

avg -0.44

stdev 0.02

C.4.4.4 —OH errors in BEEF-vdW

We find that the average error attributable to this functional group is -0.14 eV, see
Table C22.

TABLE C22
Calculated (BEEF-vdW) and experimental standard free energies in eV for alcohols in
data set A, and an assessment of their associated errors.

alcohols

AGppr AGpyp Er ér e " Ean,
Methanol -1.59 -1.68 0.09 -0.11
Ethanol -1.47 -1.74 0.27 -0.14
Propanol -1.18 -1.68 0.50 -0.12
Butanol -0.93 -1.56 0.63 -0.20
avg -0.14
stdev 0.04

C.4.45. 1, errors in BEEF-vdW

The framework shown here assumes that H, is reasonably well described, so we
do not provide an H, correction by default. However, we verified that correcting
the H, formation energy by 0.085 eV together with the correction of the other
errors also lowers the MAE of data set A. Such value agrees well with the
reported value of 0.09 eV.#? Table C23 shows the corrections for the other types
of errors when H, is corrected by 0.085 eV. We note that upon the H, correction,
the values are rather similar to those of RPBE in Table 1.
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TABLE C23
Gas-phase errors for BEEF-vdW with a simultaneous Hz correction of 0.085 eV. The two
values reported for -(C=0)O- are for carboxylic acids and esters (the latter in
parentheses).

Error BEEF-vdW
CO;, -0.39
CcoO -0.09
-C=0- -0.21
-CH, 0.08
-(C=0)0O- -0.24 (-0.30)
-OH -0.08

Finally, we provide in Table C24 a compilation of data to show the progressive
reduction in the errors as a result of the various corrections proposed in this
study.

TABLE C24
Comparison of the initial mean absolute errors (MAEpg) for the CO2 and CO reactions
calculated with PBE, PW91, RPBE and BEEF-vdW, after applying corrections to the

reactants &g (first correction, MAER), and after applying corrections to both the

reactants ez and products & (second correction, MAEgp). %redz = 100x(MAEper -
MAER) / MAEDFT, and %redRP = 1OOX(MAEDFT - MAERP) / MAEDFT.

COx-based reactions PBE PW91 RPBE BEEF-vdW

MAEpgr (€V) 0.43 0.30 1.14 1.53

MAER (eV) 0.10 0.09 0.18 0.31

MAEgp (eV) 0.04 0.04 0.04 0.05

% redr 77% 68% 84% 80%

% redgp 91% 87% 96% 97%
CO-based reactions PBE PWI1 RPBE BEEF-vdW
MAEpgr (€V) 0.61 0.68 0.27 0.65

MAER (eV) 0.10 0.09 0.19 0.32
MAEgp (eV) 0.04 0.04 0.04 0.05

% redr 84% 87% 29% 50%

% redgp 94% 95% 85% 92%
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C.5 Electrocatalysis-related data

Figures C5 andC6 compare CO.RR to CO on Au(100) and Au(110) single-crystal
electrodes using PBE with (panel b) and without (panel a) gas-phase corrections
applied to CO; and CO.

(a) Asis (b) Corrected
1 1 1 1L 1 1 1
*COOH
08 —— 1F _
*COOH onset, exp
e e | e L
0.6 [ : N HF —— R
> - co  Tco -
- ; : —
04} : 1F : * L E
9] : : co
< : ] : B
02k 0.79 eV 0.63ev || 0.60 eV ‘-ﬂ J
i : 1t : 0.20 eV
co : Cco :
ool a(g)‘ 1L a(g). \ ]: i
1 1 1 1 1 1
H +e H' + e desorption H +e H' + e desorption
reaction coordinate reaction coordinate
FIGURE C5

Free energy diagrams for CO2 reduction to CO using Au(100) single-crystal electrodes.
(a) Using DFT data as is, and (b) correcting CO2 and CO for their gas-phase errors. The
black dashed line at 0.66 eV marks the free energy corresponding to the experimental
onset potential of -0.66 V vs RHE.™°

Table C25 contains the experimental and computational data included in
Figures 4.3 and 4.4 in the main text. Cupoy and Agpoy are simulated by missing-
row reconstructed Cu(110) and Ag(110). Auypoy is represented by Au(211). For
each electrode in Table C25 the corresponding slabs contained four layers: the
bottommost two were fixed at the optimized bulk positions and the uppermost
two and the adsorbates were completely free to relax.
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(a) As is (b) Corrected
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FIGURE C6

Free energy diagrams for CO2 reduction to CO using Au(110) single-crystal electrodes.
(a) Using DFT data as is, and (b) correcting CO2 and CO for their gas-phase errors. The
black dashed line at 0.37 eV marks the free energy corresponding to the experimental
onset potential of -0.37 V vs RHE.™°

TABLE C25
Experimental, DFT calculated and semiempirically corrected onset potentials (in V vs
RHE) for CO> electroreduction to CO on various metal electrodes.

Electrode  Ubprr Ucorrected Uexp

Au(111) -0.90 -0.71 -0.66 (ref.'?)
Au(110) -0.64 -0.46 -0.37 (ref.10)
Au(100) -0.87 18.0.69 -0.66 (ref.?)
Aty 053  -0.34 -0.26 (ref.")
Ag(111) -1.09 -0.90 -0.94 (ref.'?)
Aty 083  -0.65 -0.60 (ref.®)
Cllyoly 053  -0.34 -0.40 (ref.")

The ZPE, vibrational entropy and solvation corrections of *COOH and *CO can
be found in Table C26. The solvation corrections were assessed from calculations
in which water molecules were present/absent in the proximities of the
adsorbates and are in line with previous reports.’>'¢
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TABLE C26

Zero-point, entropic and solvation contributions (in eV) to the free energies of *COOH
and *CO on various metal electrodes.

Electrode ZPE TS Esotvation
COOH @ Au(111) 0.60 0.34 -0.42
CO @ Au(111) 0.17 0.15 0.00
COOH @ Au(110) 0.60 0.34 -0.42
CO @ Au(110) 0.17 0.15 0.00
COOH @ Au(100) 0.61 0.29 -0.42
CO @ Au(100) 0.19 0.16 0.00
COOH @ Autyyyy 0.60 0.34 -0.42
CO @ Auyyy 0.17 0.15 0.00
COOH @ Ag(111) 0.59 0.26 -0.44
CO @ Ag(111) 0.16 0.25 0.00
COOH @ Ag,oiy 0.59 0.28 -0.44
CO @ Agpay 0.16 0.25 0.00
COOH @ City, 062 022 -0.28
CO @ Cupay 0.16 0.14 0.00

Finally, we modelled CO, electroreduction to CO on Au(111) and
Au(100) with RPBE. The equilibrium potential is -0.30 V vs RHE before the
corrections and -0.10 V vs RHE after the corrections (it is -0.10 V vs RHE in
experiments). The ZPE, vibrational entropy and solvation corrections of *COOH
(0.61, 0.29 eV) and *CO (0.17, 0.16 eV) are similar to those of PBE (see Table C26),
and the solvation corrections are assumed to be the same. We compare in Figures
C7-C8 the calculated onset potentials with the experimental ones in reference®,
namely -0.66 V vs RHE for both facets. Without corrections, the onset potentials
on Au(111) and Au(100) are -1.23 and -1.21 V vs RHE, giving errors of 0.57 and
0.55 V. Upon the corrections, the onset potentials are -0.77 and -0.75 V, giving
errors of 0.11 and 0.09 V.

163



C: SUPPORTING INFORMATION FOR CHAPTER 4

(a) RPBE as is (b) Corrected RPBE
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FIGURE C7

Free energy diagrams for CO. reduction to CO using Au(111) single-crystal electrodes.
(a) Using DFT-RPBE data as is, and (b) correcting CO2 and CO for their gas-phase errors.
The black dashed line at 0.66 eV marks the free energy corresponding to the
experimental onset potential of -0.66 V vs RHE."0

(a) RPBE as is (b) Corrected RPBE
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FIGURE C8

Free energy diagrams for CO. reduction to CO using Au(100) single-crystal electrodes.
(a) Using DFT-RPBE data as is, and (b) correcting CO2 and CO for their gas-phase errors.
The black dashed line at 0.66 eV marks the free energy corresponding to the
experimental onset potential of -0.66 V vs RHE.
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C.6 Interlayer cohesive energy in graphite

Table C27 contains a literature survey on the experimental interlayer cohesive
and/or binding energy of graphite, see Table R1. The values are in the range of
0.031 — 0.064 eV/atom,'”** and the average value is 0.046 eV /atom. This reflects
the common notion that graphite layers are linked via weak van der Waals
interactions and justifies the approximation of graphite by graphene for our
current purposes.

TABLE C27
Experimental interlayer energy of interaction for graphite described by interlayer
cohesive energies (CE) and interlayer binding energies (BE).

Energy (eV/atom) Interlayer interaction ~ Source

0.064 CE ]
0.054 BE [7]
0.043 CE [#]
0.052 CE []
0.035 CE [*]
0.031 BE [2]
0.055 BE 2]
0.031 BE 2]

C.7 Alternative analysis using training and extrapolation
sets

We have also split the molecules in Data set A into a training set of 21 molecules
and an extrapolation set of seven molecules (pentane, butanal, glyoxal,
isopropanol, butanol, and methyl acetate) and added a new molecule (butanone).
Note that the extrapolation set is formed by the largest molecules in every family
of compounds (which helps in assessing the performance of the method as the
molecules’ size increases). The new errors were pinpointed in the training set
exactly as described in section 4, Tables C6-C22. Table C28 shows that the errors
are similar in the training set compared to the full set, being the average
difference of only 0.01 eV. In general, we have observed that only one or two
compounds are necessary to pinpoint a specific error, so the training set may
easily be made smaller without compromising the accuracy of the method.
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TABLE C28
Comparison of the gas-phase corrections determined with the entire Data set A (in
grey), and with a training set of 21 molecules (in white). All values are in eV.

Error PBE PWI1 RPBE BEEF-vdW
-CHx 0.02 0.03 -0.01 -0.01 0.07 0.08 0.21 0.21
-C=0- -0.11 -0.10 -0.11 -0.10 -0.22 -0.21 -0.27 -0.27

-(C=0)0- | -0.20 -0.19 -0.19 -0.19 027  -027 | -0.34(-0.44) -0.34 (-0.47)

-OH -0.05 -0.04 -0.04 -0.04 -0.03 -0.01 -0.14 -0.14

Moreover, we extrapolated the corrections obtained in the training set to the
extrapolation set for the formation energies, and the CO, reduction and CO
reduction energies. Tables C29-C31 show the free energies for the four functionals
under study, the corrected free energies and the experimental values, providing
in all cases the mean absolute errors (MAEs) with respect to experiments. From
Tables C29-C31 we conclude that the MAEs are significantly decreased in the
extrapolation set for the formation energies and those involved in CO, and CO
reduction reactions. Importantly, the final MAEs are comparable to those in
Figures 4.1-4.2. Since the MAEs for a given functional are identical for the three
corrected energies (see the bottom rows for the corrected functionals in Tables
C29-C31), the errors do not appear to propagate in our method. Conversely, the
errors grow rapidly among the uncorrected energies, particularly for RPBE and
BEEF-vdW.
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TABLE C29

Formation energies of the compounds in the extrapolation set. All values are in eV.

Species AGppg AGpwoi AGrppe AGpppr—vaw ACpBE  ACpwor AGrpgr ACGREEr_,qw ACexp
pentane 0.09 -0.06 0.38 0.85 -0.04 -0.02 0.01 -0.21 -0.09
butanal -1.19 -1.27 -1.13 -0.88 -1.15 -1.14 -1.14 -1.25 -1.18
butanone -1.54 -1.63 -1.45 -1.20 -1.51 -1.50 -1.46 -1.57 -1.52
glyoxal -2.13 -2.14 -2.39 -2.46 -1.92 -1.93 -1.96 -1.92 -1.97
isopropanol -1.73 -1.81 -1.52 -1.30 -1.76 -1.75 -1.71 -1.79 -1.80
butanol -1.48 -1.58 -1.22 -0.93 -1.53 -1.51 -1.49 -1.64 -1.56
methyl -3.51 -3.56 -3.46 -3.40 -3.37 -3.35 -3.34 -3.38 -3.39
acetate
MAE 0.09 0.09 0.24 0.46 0.03 0.04 0.06 0.05

TABLE C30

Free energies for CO2 reduction to the compounds in the extrapolation set. All values

areineV.
Species AGpgp  AGpwoi AGrppr AGpppr_vaw ACpgp  A0pWwor AGRPge ACREEp_yaw AGexp
pentane -2.24 -2.58 -0.56 0.40 -3.29 -3.27 -3.25 -3.46 -3.34
butanal -0.67 -0.92 0.49 1.12 -1.39 -1.38 -1.37 -1.49 -1.42
butanone -1.03 -1.28 0.16 0.80 -1.75 -1.73 -1.70 -1.80 -1.75
glyoxal 1.68 1.59 1.97 2.10 1.52 1.51 1.48 1.52 1.47
isopropanol -0.75 -0.96 0.29 0.80 -1.34 -1.33 -1.29 -1.38 -1.38
butanol -0.96 -1.23 0.39 1.07 -1.76 -1.74 -1.73 -1.87 -1.79
methyl -0.17 -0.34 0.71 1.07 -0.58 -0.57 -0.55 -0.59 -0.60
acetate
MAE 0.67 0.44 1.75 2.31 0.03 0.04 0.06 0.05 -
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TABLE C31

Free energies for CO reduction to the compounds in the extrapolation set. All values
areineV.

Species AGpgg  AGpwor AGrpge AGpppp_vaw ACPEE  ACpWo1 AGRpgr ACEEEr_yaw ACexp
pentane -5.87 -6.05 -3.98 -2.99 -4.77 -4.75 -4.73 -4.94 -4.82
butanal -3.58 -3.69 -2.25 -1.59 -2.57 -2.56 -2.56 -2.67 -2.60
butanone -3.94 -4.05 -2.58 -1.91 -2.93 -2.92 -2.88 -2.99 -2.94
glyoxal 0.23 0.21 0.60 0.74 0.93 0.92 0.89 0.92 0.88
isopropanol -2.93 -3.03 -1.77 -1.24 -2.23 SO -2.18 -2.27 -2.27
butanol -3.87 -4.00 -2.34 -1.64 -2.95 -2.93 -291 -3.06 -2.98
methyl -2.35 -2.42 -1.34 -0.97 -1.47 -1.46 -1.44 -1.48 -1.49
acetate

MAE 0.87 0.97 0.44 0.99 0.03 0.04 0.06 0.05 -

With the values in Tables C29-C31 we prepared Figures C9-C11. The figures
display the data as parity plots comparing experimental and computational data
without any corrections and applying all the corrections listed in Table C28. The
plots illustrate that: (i) the errors are considerably decreased upon applying the
corrections, (ii) the errors do not propagate in our method, (iii) the errors
propagate quickly in as-is DFT as the molecules become larger (i.e. as AG gets
increasingly negative in Figures C10-C11).
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FIGURE C9

Parity plots for the experimental and DFT-calculated free energies of formation of the
molecules in the extrapolation set using PBE, PW91, RPBE and BEEF-vdW. The left
column shows the data calculated with DFT without any correction, the right column
shows the data after correcting for all the errors detected in the training set. The mean
and maximum absolute errors (MAE, MAX) are shown in each case. The grey area is *
MAE in each case. The blue shaded area around the parity line covers an area of + 0.15
eV.
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FIGURE C10

Parity plots for the experimental and DFT-calculated free energies for the production of
the molecules in the extrapolation set from CO2 and Hz using PBE, PW91, RPBE and
BEEF-vdW. The left column shows the data calculated with DFT without any correction.
The right column shows the data after correcting for errors in COz and the products. The
mean and maximum absolute errors (MAE, MAX) are shown in each case. The grey area

is = MAE in each case. The blue shaded area around the parity line covers an area of =
0.15eV.
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FIGURE C11

Parity plots for the experimental and DFT-calculated free energies for the production of
the molecules in the extrapolation setfrom CO and Hz using PBE, PW91, RPBE and BEEF-
vdW. The left column shows the data calculated with DFT without any correction. The
right column shows the data after correcting for errors in CO and the products. The
mean and maximum absolute errors (MAE, MAX) are shown in each case. The grey area
is = MAE in each case. The blue shaded area around the parity line covers an area of =
0.15eV.
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D: Supporting Information for Chapter 5

D1 Experimental
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FIGURE D1
Electrochemical deposition of a palladium monolayer on Pt(111) electrode from 0.1 M
H,SO4 + 0.1 mM PdSOy,. Scan rate: 50 mV s™'. Arrows indicate the evolution with time.

Figure D1 shows the effect of the progressive accumulation of palladium on the
Pt(111) electrode surface on the voltammetric profile of the electrode during the
electrochemical deposition of a palladium monolayer. Initially, the presence of
palladium on the surface is reflected by the growth of a sharp adsorption state at
0.23 Vgue, concomitant with the progressive decrease of the characteristic
adsorption states of Pt(111) in 0.1 M H,SO,. In addition, the presence of the
characteristic spike of Pt(111) at 0.50 Vree strongly suggests the existence of wide
Pt(111) domains. With increasing deposition cycles the last contributions from
the Pt(111) domains around 0.50 Ve disappear. Previous studies using scanning
tunnelling microscopy (STM) showed that a complete pseudomorphic
monolayer of Pd is formed prior to bulk deposition during electrochemical
deposition of Pd on Pt(111).! The voltammetric charge of (bi)sulfate adsorption at
0.23 Vgzue can be related in a quantitative way to the palladium coverage and
corresponds to a charge of 320 uC cm? for Pdy Pt(111).2
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FIGURE D2

Cyclic voltammogram of Pdy Pt(111) electrode recorded in (a) 0.1 M HCIO, (pH = 1),
(b) 0.15 M HCIO4 (pH = 0.82), (c) 0.2 M HCIO4 (pH = 0.7), (d) 0.3 M HCIO4 (pH = 0.5), (e)
0.5 M HCIO4 (pH = 0.3) and (f) 1 M HCIO4 (pH = 0). Scan rate: 50 mV s™.
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FIGURE D3

Cyclic voltammogram of Pt(111) in 0.1 M HCIO,4 and 0.1 M CH3SO3H. Scan rate: 50 mV

s,

Figure D3 compares the cyclic voltammograms of a Pt(111) electrode recorded in
0.1 M HCIO; and 0.1 M CH5SOsH. At potentials lower than 0.55 Ve, where the
hydrogen adsorption/desorption and the double-layer regions take place, there
is an almost perfect coincidence between the curves. However, at higher
potentials, when the adsorption of oxygen-containing species occurs, visible
differences between the CVs appear. At potentials in the range of 0.55 to 0.90
Vrue, where adsorption of hydroxyl from water dissociation is expected, OH
adsorption starts at slightly lower potentials in CH;SO;H than in HCIO, and this
could suggest weak specific adsorption. In contrast, the following sharp peak, the
spike of the so-called “butterfly” feature, is slightly shifted to higher potentials in
0.1 M CH5SO;H.
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FIGURE D4

Cyclic voltammogram of Pdy Pt(111) electrode recorded in (a) 0.1 M HCIO,4 (pH = 1)
and (b) 0.001 M HCIO, (pH = 3), without and with different concentrations of Cl-. Scan
rate: 50 mV s,
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Figure D4 shows the cyclic voltammograms of the PdwPt(111) electrode
recorded in (a) 0.1 M HCIO, (pH = 1) and (b) 0.001 M HCIO, (pH = 3) with small
concentrations (10°and 10° M) of CI. The change caused by CI is the same as
reported by Markovic et al’: the observed H; and Hy peaks exhibit asymmetry, in
contrast to the symmetric peaks observed in solutions containing only HCIO.,.
Therefore, chloride is in competition with Hypa as well as with OH,qs .

D2 Computational methods

All of the calculations were performed using the Vienna Ab initio Simulation
Package (VASP)* with the Generalized-Gradient-Approximation (GGA) PBE
exchange-correlation functional’® and the projector-augmented wave (PAW)
method.® The plane-wave energy cut-off was 450 eV. Pt(111) and Pdw Pt(111)

surfaces were modeled using a slab consisting of a (3x3) unit cell. After verifying
energy convergence with respect to atomic layers we decided to use 6 atomic
layers for Pdyi Pt(111) and Pt(111), in this way providing a convergence criterion
of adsorption energies to < 0.05 eV. The k-point sampling grids used for both

surfaces were (6x6x1) generated using the Monkhorst-Pack approach.*¢ll+-6/7

To account for bulk effects in a finite slab, the first two atomic layers were
kept fixed at the PBE optimized lattice constant of Pt (3.98 A) while the remaining
atomic layers were relaxed. We included empirical van der Waals (vdW)
corrections through the DFT-D3(B])** method on PBE, here denoted as PBED3, to
the calculations for a comparison of the energetics of the water-water and water-
metal interactions. The relaxations to find the ground-state configurations were
made using the quasi-Newton algorithm. Site analysis and geometry
optimizations were performed until the forces were smaller than 0.02 eV A To
prevent spurious interactions between the slabs along the z axis, a vacuum of
~15.0 A was set for all cases and dipole corrections were also applied by adding
the tags LDIPOL= .TRUE. and IDIPOL = 3. The slab was positioned at the bottom
of the cell, in this way assuring convergence when using the dipole moment
corrections. Several attempts with the cell positioned in the center plus dipole
corrections failed to converge.

For the surfaces and adsorbed species, the method of Methfessel-Paxton™
to the second order was used to set the partial occupancies on each orbital and
the smearing width was set to 0.2 eV. For the individual molecules, a Gaussian
smearing with a width of 0.001 eV was used instead. The gas-phase molecules,
H,O(g), Ha(g), ClOA(g), F2(g) and SO,(g) were simulated in an asymmetric box of

(15.0x15.1x15.3) A2 at the gamma point (I1x1x1).
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D3 Gibbs Free Energy of Adsorption

The changes in free energies of adsorption were calculated using the hypothetical
chemical reaction 1, following Eq. D.2. A(g) is a gas-phase molecule, * is the
surface and *A is the adsorbed species on the surface.

Ay t*ox A D.1
AGs = G — Gy — G D.2
Where,
G = EBf‘;T—FZPE*A—TS,j{}, D.3
Gég) = E]f)qFT (9 + ZPEég) - ngans, rot, vib (g) D.4

G* = Eppr D.5

where Ejpr is the relative energy from the optimization extrapolated to 0 K
(sigma — 0) where x refers to either *A, A(g) or (*), ZPE is the zero-point ener
and TS is the entropy contribution at 298.15 K. For the gas-phase molecules, the
entropy includes all contributions, and was obtained from standard
thermodynamic tables.! For the adsorbed species, the entropy includes only the
vibrational contributions and was calculated using statistical mechanics
equations within the harmonic oscillator approximation.’> These contributions
were obtained by performing a vibrational analysis within the VASP code using
several displacements around the ground state. Within this method only the
adsorbed species are displaced in all directions while the slab is kept fixed.

To obtain the solution-phase free energy of water from DFT-calculated gas-phase
water, we corrected the energy by adding -0.087 eV to the TS term.” This
represents the difference between the free energy of formation of gas-phase water
and liquid-phase water at 298.15 K.

The potential dependence of all the proton-coupled electron transfer
reactions was calculated using the computational hydrogen electrode (CHE)
model,” where at equilibrium and standard conditions (0 V and a pressure of 1
atm), the protons in solution and the electrons in the electrode (H*(aq), ) are in
equilibrium with Hy(g), as shown in the following chemical equation:

1
EHZ(.Q) T_’H+aq+e_ D.6
With this thermodynamic convention we can overcome the computational
difficulty of calculating the energy of protons and electrons in DFT and instead
calculate the ground-state free energy of a Hy(g) molecule. Half of that energy
will then represent the free energy of the coupled proton and electron as shown
in Eq D.6.">"
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The solution-phase free energies of perchlorate, sulfate and bisulfate anions were
calculated via a thermodynamic cycle combining DFT free energies and tabulated
experimental standard redox chemical potentials at standard conditions (298.15
K and 1 atm), as a direct calculation of these anion free energies would be difficult
with DFT due to the long length and time scales of the solvation energetics. Using
an electrochemical thermodynamic cycle allows us to calculate the solution-
phase free energy of an anion from a neutral, typically gas-phase, species, such
that its energy can be accurately determined with DFT as G = ZPE — TS + PV. This
is analogous to the computational hydrogen electrode method, except it requires
experimentally measured equilibrium potentials, whereas in the computational
hydrogen electrode method, the equilibrium potential between hydrogen gas
and aqueous protons at standard conditions is defined to be exactly 0V, i.e., Ge-
=-nlelU°=0

As an example, the solution-phase free energy of ClOy ,, is discussed below.
Using the following redox equations at standard conditions, we can use the

calculated free energy of ClO,) to calculate the free energy of aqueous
perchlorate.

ClO3 40y T 2HT + €7 5 ClOyg) + Hy0(qq) E° = 1.18V D.7
ClO; (4 +2HT + 27 5 ClO5 ( y + Hy0aq) E° = 1.2V D.8

From Eq. D.7, ClO3 (@q) free energy can be determined which can then be used in
Eq. D.8 to determine the solution-phase free energy of C10; .. Note that the free

energy of the electron is, G¢ = —n|e| U’ and the total free energy is, AG =
AG° — kyIn(10) pH, where the second term of the equation is 0 at pH = 0 and at
equilibrium AG = 0. Therefore, the free energy of Eq. D.7 is

— (€02 H,0 _ AClO3  ~Hy _ e
AG = G(g) + G(aq) G(aq) G(g) G D.9
Substituting G°” = —n|e| U’, and E" = U":
ClO3 _ AClo, H,0 _ Hy .
Gagy =G~ + G — G — (=nlelU) D10
Clo3 _ ~ClO; Hy0 _ ~H,
Glagy =G(g) t+0Gag ~ G t1.18eV D.11
Similarly,
Cloy _ ~Cloz H0 _ ~Hj
G(aq) - G(aq) + G(aq) G(g) + 24¢eV D.12

Now, the calculated free energy of the proton in solution is obtained following
the definition that the standard hydrogen electron redox potential is set to 0 V on
the SHE scale.
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Given the previous definitions:

1 o
Hygy 2 HY gq e B =0V D.13
1
— Ht
AG = G(gq) —nle|U — (g) D.14
Then,
1 H
1
56 = Gl D.16

Then, the adsorption energy of perchlorate on the surface is calculated as follows:
Given the following reaction, where we used an adsorbed water adlayer as the
reference state *6 H,O then,

% 6H,0 + ClO7 o) — % ClO, — Hy0 + 5 H, 040y + €~ D.17

aq)

represents the adsorbed perchlorate co-adsorbed with one water molecule. Then,
we can determine the change in free energy of adsorption of adsorbed solvated
perchlorate as shown below in Eq. D18.

*ClOg4—H0 «ClO. 1) H,0 % 1) Cloy

AGags * %" = GTC1047120 + SG(an) G o0 — G(aq)4 —nlelU D.18
which represents the energy of adsorption of a perchlorate ion on a surface
covered with 2/3 ML water molecules, perturbing the water adlayer and
displacing water molecules after its adsorption. In our case, the adsorbed
perchlorate is solvated with one water molecule.

D4 Adsorption free energies of *OH, *H and *O

D4.1 Adsorption of hydroxyl and water adlayer

The adsorption energy of *OH was calculated within a explicit water bilayer. In
this study we used a single water bilayer with a total water species coverage of
2/3 ML, and varied the hydroxyl (*OH + *H,O) coverage by removing hydrogen
from the adlayer. The water bilayer structure of V3 x V3 R30° has been found to
be stable on closed-packed metal surfaces.”"” Furthermore, the good match
between the lattice constant of metals and the water layer makes this model
attractive for computational electrocatalysis as a good aproximation to account
for solvation effects,'*'*2! especially those coming from the first solvation shell.
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FIGURE D5

Hydroxyl (*OH) free energy of adsorption as a function of coverage on PdyPt(111)
calculated at the PBE and PBED3 levels of theory. The plotted adsorption energy is
calculated with two different reference states: from the adsorbed water bilayer (*H,O)
and from solution-phase water (H,O).

We can calculate the adsorption energy of *OH in two ways: (i) by using the
adsorbed water bilayer as the reference state'* (i.e. using Eq. D.19), and (ii) by
using solution-phase water as the reference state (i.e. using Eq. D.20).

* H, 0 —*nOH — (x —n)H,0 + n(H" +e7) D.19
* +x HyOpq) —=*nOH — (x —m)H,0 + n(H*" +e7) D.20

In both cases x = 6. Figure D5 shows the adsorption energy of *OH as a function
of *OH coverage calculated from either solution phase water (H.O (aq)) or an
adsorbed water bilayer (*H-O) as reference state and with and without dispersion
corrections for both cases. We observe that:

1) When referencing with respect to adsorbed water, for PBE and PBED3
the adsorption energies are basically the same and do not differ by more
than 0.05 (+ 0.02) eV, see Table D1 OH (b) and Figure D5 cyan (PBED3)
and blue lines (PBE).

2) When referencing with respect to solution-phase water with PBE, the
energies are less favorable (red triangles) than those calculated with
PBED3 (velvet diamonds). The difference between these two at the
lowest coverage is ~ 1.32 eV.

3) As the *OH coverage increases, the energies tend to converge and do not
differ by more than ~0.2 eV, independent of the reference state.

Since the water-metal interactions are most affected by vdW interactions,?** the
strong promotion of the adsorption of *OH + *H,O at low *OH coverage, and
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weaker promotion at high *OH coverage (relative to that calculated without vdW
corrections) is simply proportional to the amount of water present in the *OH +
“H,O bilayer. This effect is roughly canceled when using an adsorbed water as
the reference state.

Similarly to case 1, the adsorption thermodynamics of the water adlayer
on Pt(111) relative to that on PdyPt(111) with vdW corrections does not
significantly differ from that obtained without the vdW corrections. In fact, the
difference in binding strength with vs. without vdW corrections between the two
surfaces is ~0.03 eV, with stronger adsorption on Pdy Pt(111). This is because the
stabilization incorporated by the vdW corrections for both surfaces is of the same
magnitude, ~0.24 eV. Thus, the effect of including vdW corrections is also
canceled when using adsorbed water as a reference state in the calculation of our
adsorption potentials. In this way, the impact of vdW corrections is minimal as
shown in Figure D5 on Pdy Pt(111). In either case, an appropriate representation
of water adsorption is necessary for obtaining accurate DFT adsorption
potentials.

TABLE D1

Free energies of adsorption in eV for 1/3 ML coverage of *H, *O and 1/3*OH-1/3 *H20
(PBE and PBED3). Using (a) solution-phase water and (b) adsorbed water bilayer as the
reference state.

PBE PBED3
PdmPt(111) Pt(111) PdmPt(111) Pt(111)
*H -0.35 -0.29 -0.45 -0.39
*OH (a) 0.66 0.71 0.10 0.20
*OH (b) 0.37 0.43 0.35 0.39
*O 1.25 1.46 1.11 1.31

D4.2 Adsorption of hydrogen and oxygen

The free energies of adsorption of *H, *O were calculated at different coverages
using the same 3x3 unit cell by the following equations:

n(H*+e” ) +*—x*nH D.21
GnH) _ N pHy s
AgH = C 260~ G D.22
ads n
nH,04q + *— *n0 +2n(H* +e7) D.23
1 _u H0
*n0 - 2 _ 2 *
o _ G H2ngGg ~nGag +6 D.24
AGads - n
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where (*) is the surface , *H and *O are adsorbed species, n equals the number of
adsorbed species per unit cell, and G(*) is the free energy of the isolated slab.
The adsorption of *H and *O were calculated at their most stable sites (fcc) in both
cases, and without explicit solvation following Eqs. D.22 and D.24.

D5 Free energies vs. coverage diagrams

D5.1 PdmPt(111) Phase Diagrams
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Calculated free energies of adsorption for Pdy Pt(111) as a function of potential vs RHE
using three different methods. Method 1, shown in (a), where the adsorption potentials
of hydroxyl are calculated from solution phase water with PBED3, as shown in Eq. D.20,
while the adsorption potentials of hydrogen and oxygen are calculated with PBE.
Method 2, shown in (b), the adsorption potentials are calculated with PBE and the
reference state for *OH adsorption is the adsorbed water adlayer, as shown in Eq. D.19.
Method 3, shown in (c), the adsorption potentials are calculated with PBED3 and
solution phase water is used as the refence state, as shown in Eq. D.20.
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D5.2 Pt(111) Phase Diagrams
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Calculated free energies of adsorption for Pt(111) as a function of potential vs RHE using
three different methods. Method 1, shown in (a), where the adsorption potentials of
hydroxyl are calculated from solution phase water with PBED3, as shown in Eq. D.20,
while the adsorption potentials of hydrogen and oxygen are calculated with PBE.
Method 2, shown in (b), the adsorption potentials are calculated with PBE and the
reference state for *OH adsorption is the adsorbed water adlayer, as shown in Eq. D.19.
Method 3, shown in (c), the adsorption potentials are calculated with PBED3 and
solution phase water is used as the refence state, as shown in equation 20.
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E: Supporting Information for Chapter 6

E1 Experimental Details
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FIGURE E1

Cyclic voltammograms for (a) Pt(111) and (b) Pt(100) in 0.1 M H,SO,4 + 0.1 mM PdSO,, recorded
in successive stages during Pd deposition experiment. Scan rate: 50 mV s™'. Arrows indicate the
evolution with time. (c) Stable cyclic voltammograms of Pd/Pt(100) electrode in 0.1 M H,SO,
before NO adsorption and reductive stripping (black line) and the same Pd/Pt(100) electrode in
0.1 M H,SO4 after NO adsorption and reductive stripping (red line).

Figure Ela shows the effect of the progressive accumulation of palladium on the
voltammetric profile of Pt(111) electrode during the electrochemical deposition of
palladium monolayer. At the shortest deposition times, the presence of palladium on the
surface is reflected in the growth of a sharp adsorption state at 0.23 Vgue, simultaneously
with the progressive decrease of the characteristic adsorption states of Pt(111) in 0.1 M
H,SO.. In addition, the presence of the characteristic spike of Pt(111) at 0.50 Vrug strongly
suggests the existence of wide Pt(111) domains. Increasing deposition cycles lead to the
contributions from the Pt(111) domains around 0.50 Vgur to become blocked
progressively. A previous study using in situ scanning tunnelling microscopy (STM)
showed an complete pseudomorphic monolayer of Pd is formed prior to bulk deposition
during electrochemical deposition of Pd on Pt(111).! The voltammetric charge of
(bi)sulfate adsorption at 0.23 Vgue can be related in a quantitative way to the palladium

coverage and increases to a charge value of 320 uC cm? for Pdy Pt(111).%3
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Figure E1b shows the characteristic adsorption peak of Pt(100) electrode at 0.39 Vrue
progressively diminishes whereas a new sharp adsorption state appears at 0.17 Vgie. The
experimental result is interpreted as the progressive blocking of the Pt(100) substrate sites
by a first monolayer of palladium atoms directly deposited on the Pt(100) substrate. As
the deposition continues a new feature appears at 0.27 Vrue while the peak at 0.39 Vg
corresponding to the remaining Pt(100) unblocked sites has not been completely
suppressed. The appearance of a second adsorption state at 0.27 Vrue for palladium
deposited on Pt(100) substrates is associated to the growth of palladium in second, third
and further layers. The easiest way to obtain a Pt(100) electrode fully covered by a single
palladium monolayer is to deposit palladium until all the Pt(100) sites are blocked and
then remove the excess by the NO treatment described above:*

Pt(100) + Pdurther tayers / Pirst 1ayer / Pt(100) + NO = Pdirgt tayer / Pt(100)-NO + Pd.al

in which Pdjirt 1ayer means palladium adatoms in the first monolayer, Pdsuther layers is the
second and multilayers, and Pds. represents stable palladium species in solution.

Figure Elc shows the final voltammogram in 0.1 M H,SOs (red line): a characteristic peak
at 0.17 Ve related to the (bi)sulfate anion adsorption on Pd monolayer is observed, the
contributions assigned to the second stage of Pd deposition at 0.27 Vrue and uncovered
Pt(100) electrode domain at 0.39 Vgue have been eliminated. The voltammogram of
PdyPt(100) is stable upon successive cycles, suggesting that the monolayer does not

undergo further modification.
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FIGURE E2

Voltammograms of (a) Pt(111) and (b) Pdm Pt(111) electrode in 0.1 M HCIO; recorded at
0.05 Vs (black line) and 50 V s (red line), resp.
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FIGUREE3
Voltammograms of Pdy Pt(100) electrode in 0.1 M HCIO, (black line) and 0.1 M HCIO4 + 50 mM
HCOOH, recorded at 50 V s™.

Figure E4 shows the oxidation of formic acid on Pda Pt(100) electrode in 0.1 M HCIO, +
50 mM HCOOH at a high scan rate of 50 V s™. The current corresponding to the oxidation
of formic acid process is much larger than the current corresponding to the reversible
formate adsorption/ desorption so that this latter contribution cannot be separated from
the voltammogram. The results suggest a much faster kinetics of formic acid oxidation
reaction on Pdy Pt(100) than that on Pdy; Pt(111) electrode.

100
P C)) il b S
£ —_ @3‘.450 « blank
(%) — @475 £ — @-0.20 .
i — @-0.500 o — @-0.25 L
1004 — @-0.30 H
~ —@-0.575 i
] — @ -
%q 50 @-0.600 3 @-0.40
— @-0.700 = — @-0.45
g —@-0.750 g @
© — @-1.500 % 5041 — @-0.60
T Co strivpi
= stripping ° —@1.0
2 GC, - -- - CO stripping
5 °] 5
5] 3
02 0.4 06 08 10 0.0 0.2 0.4 0.6 0.8 1.0
Evs RHE/V Evs RHE/V
FIGURE E4

Voltammograms for the oxidative stripping of CO adlayer produced on (a) Pdy Pt(111) and (b)
Pt(111) electrode after doing CO; reduction at different vertex potentials in pH=3.0 (0.001M
HCIO4/0.099M KCIQ4) solution saturated with CO,, recorded at 10 mV s'. A CO stripping
experiment result (dashed line) of a saturated CO adlayer is performed under identical condition

for comparison.
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Figure E5 shows the voltammograms for the oxidative stripping of CO adlayer produced
during CO, reduction on the PdyiPt(111) and Pt(111) electrode, resp. Figure E5a shows
anodic peaks between 0.650 and 0.900 Vg are observed when doing CO, reduction on
the Pdyi Pt(111) electrode by increasing the vertex potential in steps of 0.025 V from -0.475
Vrae. These anodic peaks correspond to the oxidation of adsorbed CO formed during CO,
reduction. It is reasonable to assume that there is no CO formation from CO, reduction
on PdyiPt(111) surface at lower overpotentials than that of -0.475Vge. In Figure E4a, the
production of the CO is shown to increase with increasing the overpotential for CO,
reduction: for the overpotential of -0.475, -0.500, -0.525, -0.550, -0.575, -0.600, -0.650, -0.700
and -0.750 Vg, the coverage of CO adlayer is 0.13, 0.19, 0.22, 0.29, 0.31, 0.52, 0.58, 0.71
and 0.72 ML, resp. As can be seen from Figure E4a, the onset potential and shape of CO
adlayer oxidation peak on the PdwiPt(111) electrode strongly depends on its coverage.
The full CO adlayer is stripped off at 0.90 Vrue (dashed line); such a high coverage is noy
obtained during CO, reduction. The subsequent scan indicates the entire CO adlayer on
PduiPt(111) electrode was stripped in a single positive-going sweep and retains the well-
defined hydrogen adsorption and anion desorption features in the low-potential region.

In the case of the Pt(111) electrode, reducing CO; to adsorbed CO starts at -0.25 Vgue and
the surface is poisoned when the negative vertex potential reaches -0.60 Vge. Figure E4b
shows that with increasing overpotential for CO; reduction on Pt(111), the formation of
the CO increases: for the overpotential of -0.25, -0.30, -0.35, -0.40, -0.50, -0.60 and -1.0 Vg,
the coverage of CO adlayer is 0.23, 0.37, 0.37, 0.47, 0.59, 0.63 and 0.66 ML, resp. The

subsequent scan shows the recovery of the Pt(111) surface after the CO adlayer oxidation.

E2 Computational Details

E2.1 Free energies calculations

The formation free energies of adsorbed *H, *CO, *OCHO and *COOH were calculated
from formic acid in solution, (HCOOH (aq)) for the formic acid oxidation reaction, and
from carbon dioxide in gas-phase, (CO: (g)), protons and electrons, for the CO; reduction

reaction. Below we show how the free energies are calculated in both cases.
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E2.2 Formic Acid oxidation

The following chemical equations show how the formation free energies of the different

adsorbates are calculated for formic acid oxidation.

HCOOH(aq) +*—»+H + C0,(g)+ HY + e~ E1
HCOOH(aq) +*—* OCHO + H* + e~ E2
HCOOH(aq) ++—* COOH + H* + e~ E3

HCOOH(aq) +%—+* CO + H,0(l) E4

where, * represents the adsorption site. The free energies of adsorption are then calculated

as shown below

Gi = Gy +G F Gy~ G -G ES
*H — Us«H €02(g) T 5 H2(9) HCOOH(aq) *
E6
G20 = Geocro + EGHZ(g) — Grucoon(aq) — G-

E7
GSon = Gucoon + EGHZ(g) — Grucoon(aq) — G-
G5 = Guco + Guyouy — Gucoon(ag) — G« E8

Each free energy is calculated as G = EDFT + ZPE + TS, where EDFT is the energy
obtained from the DFT calculation at 0K, ZPE is the zero-point energy determined from
the vibrational frequencies obtained using the harmonic-oscillator approximation. The TS
is the temperature at T= 298.15 K times the entropy (S) term containing i) all the
contributions (translational, rotational and vibrational) for the free energies of species in
the gas phase and is taken from standard thermodynamic tables® and ii) for the free
energies of adsorbed species containing vibrational contributions. The free energy of the
surface, G,, is the energy from DFT at 0 K. The free energies of CO,(g) and CO(g) are
corrected by -0.19 and 0.24 eV, these corrections come from the difference between the
experimental standard free energy of formation AGg,, and the DFT formation

energyAGppr, as PBE does not describe well their formation energies.**
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E2.3 Free energy of solution phase HCOOH (aq)

The solution phase free energy of HCOOH (aq) was calculated using the SHE equilibrium
redox potential of CO; (g) + 2H* + 2e- > HCOOH (aq), E' =-0.11 V vs SHE,’ where the
free energy of CO, (g) is calculated within DFT. This was used to solve for the standard
free energy of formic acid in solution phase, AGycoon(aq) and ultimately to solve for the
aqueous free energy at the experimental conditions, see below.

AGrcoon(aq) = Geo, gy + 26+ — 2|e|U E9

where U=E =-0.11V, and G+ = %Gﬂz(g) at 0 V in the SHE scale.

The standard solution phase free energy, AGycoon(aq), was then used to obtained the
free energy of formic acid, AGycoop, at the experimental conditions of 0.1M HCIO, and 50
mM HCOOH, following the Nernst equation.

AGycoon = AGrcoon(aq) + kyTin(Cf) E10

Cf is the actual concentration of HCOOH and is obtained using the pKa of formic acid,
3.94 and the starting concentrations of HCIO, and HCOOH.

The free energies of the protons and electrons as expressed in the adsorption reactions,
equations 1 to 4, were calculated using the computational hydrogen electrode (CHE)

model."

E2.4 Formate coadsorption with *H, *CO and *COOH

To investigate the effect of formate coverage on the free energy of formation of adsorbed
of *H, *CO and *COOH we calculated the energies from HCOOH (aq) and n molecules of
formate *OCHO adsorbed on the surface. For example, the adsorption of *COOH at
different formate coverages is calculated using the following chemical reaction

HCOOH(aq) +*nOCHO —x [COOH —nOCHO] + H* + e~ E11
and its free energy of adsorption

Gads E12

*[COOH-nOCHO] = G*[COOH—nOCHO] + EGHz(g) - GHCOOH(aq) - G*nOCHO

with n = 1-3 using the 3x3 unit cell representing coverages of 0.11ML to 0.33 ML and with
n = 1 using the 2x2 unit cell to represent coverages of 0.25 ML. *[COOH-nOCHO] means
both COOH and n OCHO are adsorbed in the same unit cell.
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E2.5 CO, Reduction

Similarly, the adsorption energetics were calculated for the reduction reaction, i.e. the
production of formic acid from CO.. This time the reference state is based on CO; (g),
protons, and electrons. All the gas-phase corrections for CO,(g) and CO (g) are included

as discussed above, and the CHE model is used for the coupled proton and electron

transfer.
H* + e~ +*>xH E13
CO,(g)+ H* + e~ +*—>x OCHO E14
CO0,(g) + H* + e~ +%—>x COOH E15
CO,(g) + 2H* + 2e~ +*—% CO + H,0(1) E16

The free energies of adsorption are then calculated as shown below.

1
ds _
G = Gy — EGHZ ) — G- E17
GfggHo = G.ocio — Geoyg) — EGHZ(g) -G, E18
chdosozi = G.coon — GCOZ(g) - EGHz(g) -G, E19
GG = Guco + Guyow) — Geoy(g) — Ghy(g) — G- E20

The limiting potentials for the first protonation step during CO, reduction reaction to

*COOH are calculated at the potential when the G%%,,= 0 as show in Eq.E23

CO,+ (H* +e7) +x—>x COOH E21
1
G%Son = Gucoon — Geoy(g) — EGHZ(g) -G, +|e|lU E22

E23

G(CO, 9) + %G (Hy(9)) + G x COOH + G (%)
U=
1lel
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Table E1 shows the free energies adsorption for “COOH, the precursor of *CO, with H-
up and H-down (see Figure E6), calculated from HCOOH (aq), Eq. E7, and from CO; (g),
Eq. E19, at 1/9 ML coverage on Pdy Pt(111), Pt(111) and Pd(111).

PdmPt(111) Pt(111)

Pd(111)
1EH-down i

O.)(g ”)

FIGURE E5:

lllustration of *COOH solvated with two explicit water molecules with hydrogen down (H-down)
and hydrogen up (H-up) configuration on the Pdy Pt(111), Pt(111), and Pd(111) surfaces. The
boundary of the unit cell is delineated by the vertical dashed line, and each Figure Ehows two-

unit cells of 3x3.

TABLE E1
Free energies of adsorption for solvated *COOH with H-up and H-down configuration at 1/9 ML
coverage calculated for formic acid oxidation reaction, and for CO; reduction reaction, where

HCOOH (aq) or CO;, (g) are the reference state respectively. Energies are in eV.

Pdm Pt(111) Pt(111) Pd(111)
COOHup-sol from HCOOH (aq) -0.15 -0.48 -0.10
COOHdown-sol from HCOOH (aq) | -0.37 -0.63 -0.29
COOHup-sol from CO; (g) -0.003 -0.34 0.04
COOHdown-sol from COx(g) -0.23 -0.49 -0.15

E2.6 Effect of hydrogen coverage on the free energy of *COOH

We investigated the influence of the hydrogen coverage on the adsorption energy of
*COOH-sol, the precursor of *CO formation, on the three different surfaces. The energy
of *COOH-sol is described further below in the solvation effects section. Basically, the
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solvation energy is added to the free energies of the systems in vacuum. The free energies
were calculated following the equations below, *nH represents the surface with n number
of adsorbed hydrogens per unit cell. The hydrogen coverages investigated were 1/3 ML
and 1IML.

From Figure E6 we can see that the effect of hydrogen coverage on the adsorption energy
of *COOH-sol is a decrease in its binding energy, as expected due to repulsion
interactions, but comparing between the three surfaces *COOH-sol adsorbs on Pt(111)

stronger.

CO, + *nH + H*+e~ - *[COOH —nH] E24

G ads 1

*[COOH—-nH] = G*[COOH—nH] - GCOZ - G* nH — EGHZ(g) E25

Pdm.Pt(111) Pt(111) Pd111)

0.40

o
N
S

o
o
S

AGads/ eV

-0.20

-0.40

@mOML m1/3ML m1ML

FIGURE E6

Free energy of formation of adsorbed *COCOH in the absence (orange) and presence of different
coverages of coadsorbed hydrogen at 1/3 ML (blue) and 1 ML (grey) on Pdy Pt(111), Pt(111) and
Pd(111) at 0 V vs RHE, the solvation energy is added to *COOH in all cases as explained in the

solvation effects section.
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E2.7 Solvation effects
E2.7.1 Solvation effect on *COOH

We consider the effect of solvation on the adsorption of “COOH by solvating “COOH with
2 explicit water molecules, named as *COOH-sol. Adsorbed water bilayer and solution-
phase formic acid were used as the reference states, see Eq. E26 for formic acid oxidation,
while for the reduction reaction we use adsorbed water, CO; (g), and protons and
electrons, Eq. E27 The adsorbed water reference state is the adsorbed water in the ice-like
structure in a 3x3 unit cell, while in 2x2 unit cell we used a reference state of 4 adsorbed
hydrogen bonded water molecules. The following equations correspond to n=6 in the 3x3
unit cell and n=4 in the 2x2 unit cell.
HCOOH(aq) + n* H,0 —»* [COOH — 2H,0] + (n— 2)H,0(l) + H* + e~ E26

C0,(9g)+ n+xH,0 + H* + e~ -» * [COOH — 2H,0] + (n — 2)H,0(]) E27

The solvation energy of adsorbed *COOH, .00y, is the difference between the non-
solvated and solvated free energies of *COOH. That difference gives Eq. E28 and the
solvation energy is Eq. E29

« COOH + n* H,0 > [COOH — 2H,0] + (n — 2)H,0(1) + * E28

Q-coon = G*[COOH—ZHZO] + (n— Z)Gyzo(z) + G, — G.coon — 1 Gupyo E29

The solvation energy, Qcooy, calculated here is an estimate to capture the effect of
solvation of coabsorbed *COOH with *OCHO, that is *[COOH-nOCHOQO], and to capture
the effect of coadsorbed *COOH with hydrogen *[COOH-nH]. To account for such
solvation effects, the solvation energy is added to the final free energy as,
Gitoon-nocro) + Lecoon» and GiEoon_nm + Lucoon and represents an upper bound
estimate of the solvation effect.

Table E2 shows the solvation energies determined for *COOH with H-up and H-down
configuration at both 1/9 ML and 1/4 ML coverages on Pda Pt(111), Pt(111) and Pd(111)
surfaces. We determine 3 different solvation energies following Eq. E29. For example, H-
down vac to Hup-sol, means that the reference state (*COOH) is adsorbed *COOH with
hydrogen down configuration in vacuum (H-down vac), and the solvated *COOH is with
hydrogen in the up configuration (Hup-sol). At high coverages 1/4 ML *COOH, higher

stabilization (more negative solvation energies) is achieved for the *COOH with H up
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configuration, while at low coverages higher stabilization is achieved for H down-vac to
H down-sol. The reason for this might be more predominant repulsive interactions than

solvation stabilization at higher coverages than at low coverages.

TABLE E2

Calculated solvation energies for *COOH adsorbate on Pdy Pt(111), Pt(111), Pd(111), at 1/9 ML
and 1/4 ML coverages following Eq. E29. The solvation energies where calculated following
different positions of the hydrogen on *COOH, where the H of the OH group could be on the H-

down position or up.

3x3-111(1/9 ML) P Pt(111) Pt(111) Pd(111)
H down vac to H up-sol -0.30 -0.47 -0.35

H up vac to H up-sol -0.38 -0.59 -0.46

H down vac to H down-sol -0.53 -0.62 -0.54
2x2-111(1/4 ML) PdwPt(111)) Pt(111) Pd(111)
H down vac to H up-sol -0.17 -0.20 -0.28

H up vac to H up-sol -0.33 -0.44 -0.42

H down vac to H down-sol -0.13 -0.12 -0.29

In summary, *COOH is preferably adsorbed with a H-down type configuration at least
up to 0.25 ML coverage of formate. Once the coverage of formate is increased to 0.33ML,
*COOH with H-up configuration is more favorable. Therefore, in the coadsorbed system,
where *COOH is co-adsorbed with 0.33 ML of *OCHO, we corrected for solvation with
the solvation energy determined for the *COOH with H-up configuration.

*COOH coadsorbed with IML of hydrogen prefers to adsorb with H down configuration.
For Pd and Pdy Pt(111) it is ~0.2 eV more favorable than H-down, while for Pt (111) is
more favorable by ~ 0.04 eV. Therefore, we corrected the energy of the coadsorbed system
with the solvation energy determined for “COOH with H-down configuration.

Again, these solvation corrections are an upper bound estimation of the solvation effect
on *COOH.

E2.7.2 Solvation on *OCHO

Formate retains partial negative charge upon adsorption; to assess whether or not
adsorbed formate might benefit from solvation, we determine its solvation energy with
1, 2, and 3 explicit water molecules following the assessment described in ref ''. Briefly,

the adsorbate in question can benefit from solvation via hydrogen bonding if the
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difference between solvation energy with (n) number of water molecules and (n-1) is
more negative than the water-self solvation energy on that surface, Q"~Q*'< QO H,O,
(where, O, refers to solvation energy). The water-self solvation energy was calculated as
the difference in free energy between one water molecule at 1/9 ML and a water molecule
within the water bilayer at 2/3 ML coverage. For Pt(111) that difference is -0.29 eV, for
Pdyi Pt(111) it is -0.18 eV and for Pd it is -0.14 eV. From column A 2 w-1w in Table E3, the
difference in solvation energies of formate with two and one water molecules is higher
than the water self-solvation, on all surfaces respectively, suggesting that solvation with
one water molecule is enough. This solvation energy is an upper bound estimation of the
solvation effect on formate.

The reference state to calculate the solvation energy is the adsorbed water bilayer in the
3x3 (111) unit cell, at 2/3 ML coverage, Eq. E30, and the solvation energy is the difference
between the free energy of the solvated formate and the non-solvated formate, Q«qco,
Eq. E31.

« OCHO + 6 * H,0 —» [OCHO — 1H,0] + 5 H,0 (1) +* E30

Quocto = Gujocro-11,01 T SGuy0) + G — Guoco — 6 Gunyo E31

TABLE E3:
Calculated solvation energies for adsorbed formate at 1/9 ML with 1, 2, and 3 water molecules.
Last two columns show the difference between, 2 H,O molecules (2w) and 1 H,O molecules, and

between 3 H,O (3w) and 2 H,O molecules.

Surface 1 H,O 2 H,O 3 H,O A2w-Tw A 3 w-2w
Pdw Pt (111) -0.50 -0.27 -0.24 0.23 0.03
Pt(111) -0.39 -0.23 -- 0.16

Pd (111) -0.51 -0.25 -0.24 0.26 0.01

198



E: SUPPORTING INFORMATION FOR CHAPTER 6

E2.8 Dipole moments and Bader partial charges

Bader partial charge analysis was performed with the Atoms in Molecules, AIM, Bader

analysis,'*" using the Bader program from Henkelman's group.'

TABLE E4

Dipole moments and Bader partial charges for various adsorbates on Pdy Pt(111), Pt(111) and
Pd(111) at 1/9 ML coverage unless specified otherwise. [a] Total partial Bader charge of
hydrogens adsorbed on the surface on the fcc sites, and [b] partial Bader charge of only *COOH.

Au/e*A lgl/ e
adsorbate PdmPt(111) Pt(111) Pd(111) PdmPt(111) Pt(111) Pd(111)
H-fcc 0.02 -0.01 0.01 -0.09 -0.03 -0.08
H-top 0.03 -0.03 0.02 0.00 0.04 0.00
CcO 0.18 -0.03 0.17 -0.23 -0.01 -0.22
OCHO -0.06 -0.23 -0.07 -0.50 -0.40 -0.48
COOH- H up -0.24 -0.16 -0.25 -0.22 -0.16 -0.19
COOH- H down 0.06 0.21 0.06 -0.14 0.01 -0.10
COOH-Hup sol -0.23 -0.18 -0.29 -0.20 -0.12 -0.17
COOH-Hdown sol 0.06 -0.35 -0.17 -0.15 -0.08 -0.11
OCHO-sol -0.25 -0.41 -0.24 -0.58 -0.39 -0.39
1/3 ML Hads-fcc 0.06 -0.03 0.04 -0.25 -0.06 -0.21
1 ML Hads-fcc 0.09 -0.17 0.06 -0.56 -0.07 -0.51
21/3 ML *H in *COOH 0.12 0.18 0.15 -0.19 -0.05 -0.19
21 ML *H in *COOH 0.24 0.05 0.20 -0.61 -0.05 -0.48
b*COOH in 1/3 ML *H - - - -0.08 -0.01 -0.04
b*COOH in 1 ML *H - - - 0.03 0.02 0.07
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E2.9 Work functions

Work functions, @ , were determined as, @ =V — Eg,,;, the difference between the

Fermi energy and the one electron potential in vacuum.

TABLE E5
Calculated work function for the bare surfaces, Pdy Pt(111), Pt(111) and Pd(111), and at different

hydrogen coverages.

@/ eV
PdmPt(111) Pt(111) Pd(111)
Bare 5.14 5.74 5.29
1/9 ML 5.20 5.71 5.32
1/3 ML 5.33 5.64 5.37
TML 5.45 5.20 5.42
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