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Supplementary Figure 1 | Adsorption energy fit to a Morse potential. (a) OHx species on K(110) at the
atop site. (b) NHx species on K(110) at the atop site.

24
22
20‘."_
« 18

16

14

12
0.0 0.2 0.4 0.6 0.8 1.0
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Supplementary Table 1 Equilibrium bond lengths. Values are for AHx
adsorbates at the atop site of (111) surfaces according to RPBE with D3
dispersion corrections (Angstroms).

Metal | O OH N NH | NH2 C CH | CHz2 | CHs
Ag 197|211 194|203 | 210 | 195|196 | 204 | 2.20
Au 193 | 21 | 187|198 | 205|187 (194|198 | 213
Cu 175|186 |1.73 | 175|187 |1.77 | 1.74 | 1.84 | 2.01

Ir 179 1200|168 | 1.83 | 195|172 |1.73|1.88 | 2.13
Ni 167 | 18 | 164|168 | 181|165 |1.65|1.77 | 1.95
Pd 181|198 174|186 | 194 187 |1.88 | 1.87 | 2.05
Pt 182 (199|173 186|194 | 173 |1.75]|1.87 | 2.07
Rh 1771198 |166 | 177|193 |168 171|185 2.09

Supplementary Table 2 Projected density of states. Orbital occupancies are
for the bonding atom of the adsorbate at the fcc-hollow site of Pt(111) using VASP

LORBIT=11.
Adsorbate | Total Charge S p fs fp
C 2.343 0.935 1.408 0.399 0.601
CH 2.39 0.875 1.515 0.366 0.634
CH2 2.428 0.844 1.584 0.348 0.652
CH3 2.494 0.827 1.667 0.332 0.668
N 3.533 1.325 2.208 0.375 0.625
NH 3.688 1.243 2.445 0.337 0.663
NH2 3.847 1.237 2.61 0.322 0.678
O 4.9 1.62 3.28 0.331 0.669
OH 5.084 1.579 3.505 0.311 0.689

The main text discusses evidence and theory for the scaling of frequencies of AHx species with the frequencies of
their atomic adsorbates, A, across transition metal surfaces. The following derivation is based on the sp and d-band
contributions to adsorption energy scaling relations (LSRs) on transition metal surfaces.” 2 Frequency scaling
predictions are shown in Figure 3 of the main text. The harmonic approximation gives

1 |k .
vV=— |-

2w |u
where the frequency, v, is a function of a force constant (k) and the reduced mass of a vibrating system (u). The
force constant is the second derivative of energy V(r), or adsorption energy AE(r), with respect to the normal
mode displacement 7,5,



k= az(AE(Tnorm)).

2
arnorm

For an adsorbate on transition metal surfaces, we can separate adsorption energy into contributions from
hybridization of the adsorbate orbitals with the metal sp and d-bands according to 3,

AE = AEg, + AE, 3

where AEg, and AE; represent contributions to the binding energy from the adsorbate interacting with the metal
sp and d-band, respectively.!

Because the adsorption energy is additive, we can redefine the force constant as the sum of sp and d coupling
contributions:

k= kg + kg 4

- 0%(AE,) 5
P B arTI.ZOTm

_ 0% (AE,) 6
- ar?‘LZOT’m

where kg, and k, are contributions to the force constant from metals sp and d-band, respectively.

Because the metal sp electrons are delocalized, they can be treated as a homogenous electron gas, making Effective
Medium Theory (EMT) ideal for modeling their interaction with the adsorbate.®* It is well known that electron
density around an adsorbate varies exponentially with distance for an atom embedded in a homogenous electron
gas surface.> ® It has also been shown computationally, and supported experimentally on Al, that the energy of He
varies linearly with electron density.” A sum of exponential functions has been applied successfully in neural
networks for fitting potential energy surfaces to atomic distances.® ° Therefore AEg, can then be taken as an
exponential function of distance between the adsorbate and transition metal atoms.

As many exponential functions as needed may be summed to approximate AE,. A modified sum of exponentials is
expressed in Supplementary Equation 7

n
AEg, = AEg, , (a - Z biexpci(r‘rﬂ)> 7
i=1

where a, b;, ¢;, and n are adsorbate dependent constants, (r — 1;)) is the separation distance from equilibrium and
AE, , is the binding energy at equilibrium. The distance, , is between the adsorbate atom closest to the surface
and the nearest neighbor metal atom. The distance, 7,, is the distance between the adsorbate and metal atom at
equilibrium. For perpendicular frequencies at the atop site, r = 7;,,,,,. For other modes and adsorption sites, the
developed theory can by extended such that r = g(68)7;,0m Where 8 is often the angle between 7,4, and r.

It is then straightforward to express kg, as a function of AEj,;:

n
ksp = _AEsp.o Z biciz eXpCi(r_ro) 8

i=1

and whenr =1,



where,

nz—Zbiciz 10

Alkali, alkaline earth, and aluminum closely resemble a homogeneous electron gas, or jellium.1% ! Like transition
metals in their bulk state, potassium also has a half-filled outer s-orbital.!? For this reason, the adsorption energies
for OHx and NHx adsorbates on a K(110) surface were fit to a Morse potential (n = 2 and a = 0) to demonstrate
the exponential dependency of AE, on distance. The results for the fits are shown in Supplementary Figure 1,
supporting the functional form of AE,, and thus Supplementary Equation 9.

Under the Linear Muffin Tin Orbital (LMTO) theory of Anderson, AE,; for an adsorbate described by a single azimuthal
quantum number is given by Supplementary Equation 11,

11

MMy \?
AEd = O(( rm )
where a is a proportionality constant, M, and M,, are constants given by the adsorbate and metal separately, r is
the equilibrium distance between the adsorbate and nearest neighbor metal atom, and m is determined by the
azimuthal quantum numbers of the interacting adsorbate bonding orbital and metal d states, [, and [;, respectively
as shown in Supplementary Equation 12,413 14

When the adsorbate electrons interacting with the metal electrons are in the s state, [, = 0 and m = 3. When these
interacting adsorbate electrons are in the p-state, [, = 1 and m = 4. We simplify Supplementary Equation 11 in
Supplementary Equation 13,

B
AEd = r—n 13
where = a(M,M,)? andn = 2m.

The contribution to the force constant from the d-band coupling is found by differentiation:

d(AEy) B 14
or —n rntl
0% (AE,) B 15
oz =nn+1) 2
nn+1)
kd = 77'2 AEd 16

As most adsorbates of interest have hybridized s and p states, their total contribution to AE; will be additive
according to Supplementary Equation 17,

17
rms ™

AEd=[3<fs +f—”)



where f; and f, are related to the s and p character of adsorbate orbital that bonds to the metal atom with ng = 6
and n, = 8, respectively. In this work, f; and f, are estimated from the total number of s and p electrons in the
adsorbate atom, A, that bonds with the metal surface. Supplementary Table 2 contains the density of states
projected onto the bonding adsorbate atom and shows that the p character of the bonding atom increases only
slightly with hydrogenation. The force constant is then found accordingly:

d(AE,) _p (ns_fs Ny fy ) 18

ar rns+1 rnp+1
0*(AEy)  (ny(ng + 1f;  n,(n, +1)f, 19
arz B rnst2 + rp+2
-1
K = AR fs +f_p ns(ns+1)f5+np(np+1)fp 20
da— d s rhp rns+2 rp+2

Upon simplifying Supplementary Equation 20,

PNy ) (ns(ns +1f, s n,(n, +1) f,,) 21

fsrnp +fp7"n5 rhst2 rnp+2

kd =AEd<

resulting in Supplementary Equation 22,

fing(ng + Dr'e + fpnp(np + 1)7‘”5

22
r2(fir™ + fyrns)

kd = AEd

Terms in Supplementary Equation 22 will be grouped together according to Supplementary Equation 23 as a single
distance-dependent term, R,,.

B fins(ng + Dr'r + fpn,,(n,, + 1)r"5

R 23
" r2 (fsrnl’ + fpr"S)
The frequency of adsorbate A is given by making appropriate substitutions.
A A
A = 1 |k tka 24
27 ul
A 1 ANEA ApA

= N4AEg, + AEGR; 25

27,/ A

where the superscript A refers to a property pertaining to adsorbate A.

The scaling of energy between two adsorbates (LSR) is determined by coupling between adsorbate orbitals and the
metal d-band, resulting in a linear relationship between the d-couplings of two adsorbates on transition metal
surfaces.! The slope of the energy LSR is shown in 26,

AESH* = mpAES 26

where the subscript AHx indicates a property relating to the hydrogenated form of adsorbate A, and mg is the slope
of the LSR. Deviations in the LSR slope due to dispersion corrections are negligible for the adsorbates considered



here. The slope of the LSR is independent of AEg, because the coupling of the adsorbate to the metal sp-band is

constant across all transition metals. 12

The frequency for adsorbate AHx is then given in Supplementary Equation 27

AH

v AHXAESH* + mp AE] RAHX, 27

SR
27T /‘uAHx

The slope of the frequency scaling relation (VSR) is defined as the first derivative of v
derived in the following steps.

AHX \yith respect to v and

First, AE&‘1 can be solved as a function of v4 in 25 according to Supplementary Equation 28
AEF = (4m?p? (vA)? — n*AES, ) (R ™ 28

The result of Supplementary Equation 28 is substituted into Supplementary Equation 27 and the partial derivative is
found:

1
yAHX — \/TIAHxAE;le +m (47T2‘UA(VA)2 —nAAEA )(RA)—lRAHx 29
14 E sp n n
27T /#AHx
oy 3% 2mg (A2 A) (R R4S
ovA 30
21 /‘uAHx\[nAHxAE;lpHx + mE(4n-2'uA(VA)2 _ nAAEép)(Ré)qR;}Hx
Further simplification is made by substituting Supplementary Equation 25 for v4 such that
GyAHx ~ pA  (RAHX \/T)AAE;‘,, + AE4RA
gva mg pAHx \ RA 31
" \/nA”xAE;‘pH" + mgAE4 R4HX
The slope of the scaling relation is related to the total derivative and given by:
dVAHx avAHx N aVAHx dRﬁHx N aVAHx ng N avAHx dT]AHx N aVAHx dTIA
dvA ~ 9vA  OR4AHX (dyA ORA dvA ~ onAHX dyA anA dvA 32
We note that
6VAHx 6VAHx
dnAHx =- anA 33
as
AEG™ = mgAES, (Ry) ' RAP*. 34

As discussed extensively in literature and mentioned earlier, the equilibrium bond length is determined primarily by
the coupling of the adsorbate to the metal sp-band.! For this reason, r varies much less than v4 across transition



A
Zi’; is negligible, as shown in Supplementary Table 1, and the partial derivative of v

to v4 is a very good approximation for the total derivative.

AHx

metals such that with respect

AH
dvAHx _ A (Rn x> VA s
dvA E‘uAHx RA ) vAHx
Finally, by integration we get the following relation:
A ) ot (R 36
d@A ) "\ RE )
For normal modes where r # 1,,,-m, We have
dlg*™ @A™ _ - pt (R 3
d(lg*(®)v4]?) Fuarx\ RA )

For the v, at hollow and bridge sites, g(6) = cos(8), where 8 is the angle between the perpendicular normal mode
displacement of the adsorbate and the nearest neighbor metal atom, is a good approximation.

It is possible for f; to vary drastically from one adsorbate to another when the bonding atom is the same as
demonstrated for C vs. CO in Supplementary Figure 2. The nonbonding electrons localized to the carbon atom of CO
have mostly p character while the sigma-bonding electron has mostly s character.®® If the lone pair and pi-orbital on
the carbon atom is primarily responsible for CO bonding with the metal surface, f; for CO should be close to zero.
Atomic carbon, on the other hand, should have significant s character in its interaction with the metal surface. The
orbital fractions in Supplementary Table 2 were calculated from the charge contributed by the s and p orbitals
according to VASP’s projected density of states analysis.

The derivation of the VSR intercept, b, is relatively straightforward. The frequency of an adsorbate, A, is
zero when the contributions from coupling to the sp-band and d-band cancel out such that

AE{R; = —n*AES, 38
and
AAEA
AES = 0 ) 39
Ry

Inserting Supplementary Equation 38 into Supplementary Equation 27 then results in Supplementary Equation 40
(Equation 14 in the main text),

b, = ; nAHxAEAHx —-m T]AAEA RéHx 40
v ZHW sp E sp R#

The intercepts of the VSR, developed here, and the LSR, from literature, are similar in that they both depend on the
sp-band contribution to the binding energy and the LSR slope. The VSR intercept also depends on the reduced mass
of the system, the exponential constants from Supplementary Equation 10, and the radial dependence from
Supplementary Equation 23.



Supplementary Note 3 - Frequency scaling, hollow sites and parallel frequencies

Perpendicular and parallel frequency scaling (VSRs) for A vs. AH species at sites not shown in the main text can be
found in Supplementary Figure 3-5. All (111) and (100) surface data points are for adsorption at the site that best
stabilizes atomic oxygen. On the (110) surface, all DFT calculations were for adsorption at the long bridge site as this
is generally the most stable for atomic adsorbates. Panels (a) and (b) indicate perpendicular and parallel frequencies
for adsorption, respectively, at the following sites: (111)-Hollow (green squares), (110)-Long Bridge (blue circles),
(100)-Hollow (green triangles), and the (100)-Bridge (blue upside down triangles). While the VSRs presented here
have more scatter due to greater surface geometry dependence, the slopes of the VSRs are similar to those found
in the main text. For bridge sites, both non-degenerate parallel frequencies are included. The cos(8) term has been
included in scaling of the v. frequencies but not the v|| frequencies. An Excel file containing of all energy and
frequencies used to generate these figures is supplied along with this supporting information.

There are several reasons for the larger variance in the VSR slopes at hollow and bridge sites then the atop sites as

shown in the main paper: (1) g(8) is not truly constant with respect to 7,4, and v4, (2) R,‘jHX/R,‘f varies more
across metals, and (3) there is greater variance in the LSR slope.

A model that accounts for more complete geometric information should be able to better capture vi modes and
parallel frequencies at hollow and bridge sites. For example, on the (100) and (110) surfaces second nearest neighbor
metal atoms, below the adsorbate, are often close enough to the adsorbate to have a significant effect on the v
frequency. For this same reason, the nearest neighbor metals atoms to carbon are actually different when CH, as
opposed to atomic carbon, is adsorbed on either the Pt(111) and Pd(111) surface. Because the nearest neighbor
metal atoms lie on almost the same xy-plane as the adsorbate atom at some bridge and hollow sites, the v|| modes
scale with less error than the vi modes at those sites.

Supplementary Note 4 - Scaling of frequencies with adsorption energy

The main text already covers scaling of v1 frequencies with adsorption energies at the atop and fcc sites for CHx
species. Supplementary Figure 6 shows v scaling with energy for NHx and OHx species. Supplementary Figure 7
depicts scaling of v|| DFT-calculated frequencies for CHx (a) NHx (b), and OHx (c), and C, N, and O, against electronic
adsorption energies. Adsorption is at the fcc-hollow (green data points) and atop site (blue data points) of the close-
packed surface of FCC metals. Only frequencies corresponding to a concave potential energy surface in the direction
of the normal mode displacement (non-imaginary) have been included; thus relatively few v|| frequencies at atop
sites are shown.

Supplementary Note 5 - Scaling of experimental molecular and atomic oxygen frequencies

Scaling frequencies can aid in interpreting complex experimental spectra. We demonstrate this benefit by scaling
experimental O, and O frequencies in Supplementary Figure 8%33, and comparing to DFT results. Experimental
studies of molecular oxygen agree that frequencies between 200 and 400 cm™ correspond to vi(metal-O;) stretches
(Supplementary Figure 8; blue circles).?>?*32 The modes between 500 and 800 cm™ (Supplementary Figure 8; green
triangles) are usually cast as internal, parallel to the surface O-O stretches of molecular species adsorbed at a bridge
site.?:32:3435 Frequencies between 600 and 1000 cm™ (Supplementary Figure 8; red squares) are often attributed
to 0-0 stretches of a molecular species at an atop site.

Supplementary Note 6 - Effect of vibrations on Gibbs Energy and coverage at equilibrium

Under the harmonic oscillator assumption, vibrational contributions to Gibbs Energy take the form 41,



1 —hy
Gyip = Ehv + kgT In (1 - ekBT> 41

where v is a fundamental mode, h is the Planck constant, ks is the Boltzmann constant, and T is the temperature.3®
In total, the vibrational Gibbs energy (Gvib) includes the zero point energy, entropy, and all temperature dependent
enthalpic contributions.

The nonlinear term in 41 can be approximated as linear under the range of frequencies studied for each type of
normal mode. To illustrate the linear correlation between Gvib and frequency, calculated values for Gvib are shown in
Supplementary Figure 9 (a-d) centered at the following frequencies: 50, 100, 500, and 2000 cm™. All plotted
frequencies range from -50% to 100% of the frequencies listed above and were determined at the following
temperatures: 50, 150, 300, 500, and 1000 K.

If we apply a first order Taylor approximation to the nonlinear term we get the following equation. In this
approximation, the frequency is linear around some reference frequency vo

1 —hve hwe o\
Gm-b=zhv+kBTln<1—ekBT>+h(ek3T—1> v -v,). 42

Supplementary Figure 10 displays the sum of Supplementary Equation 41 and 42 over all normal modes for CO
adsorbed on 8 different fcc metals at 400 K. The Taylor series for each mode type was centered around the normal
mode frequency for CO adsorbed on Cu(111). As can be seen, the vibrational Gibbs Energy under a first order Taylor
series approximation is similar to that calculated using the exact equation. As vibrational Gibbs energy correlates
linearly with frequency, and frequency correlates with adsorption energy, vibrational Gibbs energy is correlated with
adsorption energy.

Coverage calculations were based on the Langmuir bimolecular adsorption isotherm.3” The effect of vibrations on
coverages is studied for monomolecular adsorption of CO, and competitive adsorption between CO and Oz where
02 adsorbs dissociatively. The isotherms dictating equilibrium coverages are shown below. All adsorption occurs at
the fcc-hollow sites even though CO will often adsorb at atop sites and Oz can adsorb associatively as well as
dissociatively. This system was studied because atomic oxygen adsorption is important in electrocatalysis, among
other reactions, and CO poisoning can be a significant problem at both the anode and the cathode.3%° At the anode,
a proposed solution is to react CO with 02.*! The bimolecular competitive Langmuir adsorption isotherm for CO and
02, valid at low CO and Oz pressures, where Oz adsorbs dissociatively to atomic O is given by Supplementary Equation
4342, 43

— KCOPCO
14 KeoPoo ++/KoPo,
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The equilibrium constants (Ki) were determined from statistical mechanics under the harmonic oscillator and rigid
rotator approximations.3® For the systems studied here, it was assumed that all degrees of freedom of the adsorbed
surface species were vibrational. Calculations were done at both 400 K and a pressure of 1 bar. Coverage effects on
adsorption energy or frequencies have not been accounted for in this work. The plot in coverage error (Figure 7 of
the main text) was based on the scaling relation outlined here, in Supplementary Figure 11.

Frequencies of adsorbed species were calculated using the harmonic approximation and normal mode analysis.
Specifically, each adsorbate atom was displaced in Cartesian coordinates by 0.025 A, the energy of the system was
re-calculated, and a mass-weighted Hessian matrix was created.*"* Its eigenvalues, which correspond to the normal
mode frequencies, were then computed. As coupling of the motion in Cartesian coordinates generates non-zero off-



diagonals of the Hessian matrix, we developed criteria for assigning one of the normal modes to the perpendicular
stretch frequency (v1) of the adsorbate/metal based on the elements of the eigenvector describing the direction of
movement. A similar procedure was used to identify parallel frequencies (v||) and frustrated rotations in the
direction perpendicular to the surface (61), illustrated in Supplementary Figure 12.

The criteria for identifying the perpendicular normal modes are as follows:

1) The direction of displacements in the z-direction is the same for every atom in the adsorbate.

2) The z-displacement magnitude of the adsorbate’s atom closest to the metal surface is greater than the
z-displacement of any other atom in the adsorbate.

3) The sum of the z-displacements’ magnitude is greater than that associated with the x and y directions
for the eigenvector describing the frequency given requirements 1 and 2.

4) Ifthe above three criteria were not satisfied for any of the eigenvectors associated with the adsorbates’
vibrational normal modes, requirement 2 was relaxed. For frequency mode assignments of CH2CHs,
criterion 1 was relaxed.
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