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PdH-based catalysts hold promise for both CO2 reduction to CO
and the hydrogen evolution reaction. Density functional theory
is used to systematically screen for stability, activity, and
selectivity of transition metal dopants in PdH. The transition
metal elements Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo,
Ru, Rh, Ag, Cd, Hf, Ta, W, and Re are doped into PdH(111)
surface with six different doping configurations: single, dimer,
triangle, parallelogram, island, and overlayer. We find that

several dopants, such as Ti and Nb, have excellent predicted
catalytic activity and CO2 selectivity compared to the pure PdH
hydride. In addition, they display good stability due to their
negative doping formation energy. The improved performance
can be assigned to reaction intermediates forming two bonds
consisting of one C� Metal and one O� Metal bond on the PdH
surface, which break the scaling relations of intermediates, and
thus have stronger HOCO* binding facilitating CO2 activation.

Introduction

Emission of the greenhouse gas carbon dioxide (CO2) has
increased rapidly with the development of industrialization in
the past decades. A long-term goal of the Paris Agreement was
proposed to achieve a balance between CO2 emissions from the
combustion of traditional fossil fuels and removals of the
greenhouse gas, and it is urgent to limit global warming to
1.5 °C by the year 2100.[1,2] In order to overcome this challenge,
the three strategies of decarbonization, carbon sequestration,
and carbon recycling will play crucial roles in mitigating net
CO2 emissions.[2] The CO2 utilization technology of the electro-
chemical CO2 reduction reaction (CO2RR) is considered as a
promising strategy to convert CO2 into valuable chemicals as it
is not only beneficial to carbon recycling but also conducive to
increasing chemical energy storage.[3] So far, significant efforts
have been made to reduce CO2 to C1� C3 products including
formic acid (HCOOH),[4] carbon monoxide (CO),[5] methane
(CH4),

[6] ethylene (C2H4),
[7] methylglyoxal (C3H4O2),

[8]

acetaldehyde,[9] and alcohols.[10] Among them, CO is one of the
most potential products due to the transfer of only two
electrons, which leads to higher energy conversion efficiency
compared to other products with more electron transfer.[11]

More importantly, the hydrogen evolution reaction (HER)
usually occurs together with the electrochemical reduction of
CO2, CO, and H2, which are the main components of syngas, can
be effectively synthesized into liquid hydrocarbons via the
Fischer–Tropsch processes.[11,12] Therefore, CO is an important

feedstock in industry and it could be crucial to explore efficient
catalysts for conversion from CO2 to CO.

Many previous studies have been done to study metal
catalysts for the CO2RR. Gold (Au),[13,14] silver (Ag),[15,16] and
copper (Cu)[17] have been the most widely studied for the
electrochemical CO2RR and show good performance for CO
production. Au nanoparticles formed from thick Au oxide films
were reported to have high selectivity for CO2 reduction to CO
at 140 mV overpotential and they kept their activity for no
more than 8 h.[18] Kim et al. reported Ag nanoparticles sup-
ported on carbon has good Faradaic efficiency and low
overpotential.[16] Raciti et al. reported that Cu nanowires
produced by electrochemical reduction are highly active and
selective for the CO2RR to CO at an overpotential of 0.3 V.[17]

However, Au, Ag and Cu cannot tune the desired CO/H2 ratio
with high CO2RR catalytic activity.

[11,19] In addition, metal-nitro-
gen-carbon (M� N� C) electrocatalysts with high faradaic efficien-
cies for CO generation are also popular in the field of CO2RR.
Among them, Fe� N� C electrocatalyst shows high selectivity
and CO formation activity at low overpotentials (0.3 to 0.5 V).
Ni� N� C electrocatalyst exhibits good selectivity and activity at
higher overpotentials because it is more favorable toward the
HER. Co� N� C electrocatalyst has a lower selectivity for CO
throughout the entire potential range.[20] Palladium (Pd) was
reported to be a potential candidate catalyst for CO2RR to CO
by Gao et al. in 2015.[21] Moreover, Chen et. al. thought the Pd
catalyst was more suitable to produce syngas (CO2 and H2)
compared to other metals, and that the reason why Pd showed
good activity and selectivity in the process of electrochemical
CO2RR was the Pd metal catalyst was transformed into
palladium hydride (PdH).[11] The formation of PdH would
significantly improve Faradaic efficiencies of production of CO
and H2. Furthermore, the PdH(111) surface experimentally
exhibited higher current density and Faradaic efficiency
compared with other crystal surfaces.[11] Subsequently, in order
to further improve the performance of PdH, several approaches,
such as applying transition metal nitrides as promising supports
and using bimetallic catalysts has been explored in recent
years.[22]
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In this work, density functional theory (DFT) simulations are
performed to study transition metal-doped PdH catalysts. Due
to the difficult formation of forming HOCO* on the pure
PdH(111), we explore the possibility of lowering the HOCO*
formation energy through doping transition metal elements Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Ru, Rh, Ag, Cd, Hf,
Ta, W, and Re into the PdH(111) surface in different config-
urations to systematically study their properties. First, the
doping formation energies are calculated to illustrate the
stability of different doped surfaces. Then, the scaling relations
between reaction intermediates, free energy diagrams, and
kinetic model were carried out to explore the CO2RR catalytic
activities after doping. Finally, selectivity toward CO2RR and HER
was also studied to describe the competition between CO2 and
H2.

Computational Details
All calculations in this work are carried out with spin-polarized
density functional theory simulations using the Vienna ab initio
simulation package (VASP, version 5.4)[23–26] and the Atomic Simu-
lation Environment (ASE, version 3.2).[27,28] The effects of exchange
and correlation are approximated by using the Bayesian error
estimation functional with van der Waals correlation (BEFF–vdW).[29]

The ionic cores are treated using the projector augmented wave
(PAW) method[30] and the wave functions are expanded in a plane
waves basis set. A cutoff energy is set as 400 eV and a Gaussian
smearing of 0.05 eV is used for the electronic states. In order to
remove the electrostatic dipole-dipole interaction between periodi-
cally repeated surface slabs, the dipole correction is used in the
direction perpendicular to the slab in all calculations. All calculation
processes, data col- lection and analysis are performed in a custom
build workflow and a computational database is freely available in
the DTU Data Repository.[31]

Bulk PdH is in the rock salt (NaCl) crystal structure and the (111)
surface, which is energetically the most stable, is considered in this
work. A 3×3 supercell model of the PdH(111) with six bilayers is
built and each bilayer consists of one Pd atomic layer and one H
atomic layer, where the bottom three bilayers are fixed in their bulk
positions during optimization. A 3×3×1 Monkhorst-pack grid[32] of
k-points is applied to sample the first Brillouin zone of the PdH(111)
slab. The convergence threshold of Hellman–Feynman force is set
to 0.01 eVÅ� 1 and the energy convergence criteria on each atom
was set to 10 � 6 eVatom–1. A vacuum layer of about 15 Å is adopted
in z direction to separate periodic slab images and avoid
interactions between them. In order to further improve accuracy, a
+0.15 eV correction per C=O is applied for systematic overbinding
corrections with the BEEF-vdW functional, +0.15 eV for HOCO* and
+0.1 eV for H2.

[33,34] For solvent stabilization correction at the water-
catalyst interface, � 0.25 eV for HOCO* and � 0.1 eV for CO* are
used in all calculations, respectively.[35] The effects of the electric
field at the electrochemical interface of catalysis on the free energy
of the adsorbates are ignored in this treatment.

The formation energies of PdH doped with transition metals are
calculated according to the following definition:

Eform ¼ EnM-doped� Epure� nmM þ nmPd (1)

where EnM-doped denotes the energy of doping the PdH(111) slab
with n metal atoms, while pure is the energy of the pure undoped

PdH(111) slab. μM and μPd represent the chemical potential of
doped metal atom and Pd, respectively.

The binding energies Eb of different intermediates in this work are
given by the following equation:

Eb ¼ E�þintermediate� E�� Eintermediate (2)

where E*+ intermediate is the total DFT energy of slab and intermediate.
E* and Eintermediate are the energies of clean slab and intermediate
with respect to gas phase molecules, respectively.

The calculation of Gibbs free energy (G) is done using Equation (3):

G ¼ EDFT þ EZPE þ
Z

CpdT � TS (3)

where EDFT represents the DFT energy with overbinding correction
and solvent stabilization correction. EZPE represents the zero-point
energy of the species. Cp and S are the heat capacity and entropy,
respectively, and T is temperature. EZPE, Cp and the entropy of slabs
are obtained from statistical mechanics using the harmonic
approximation throughout calculations of vibrational frequencies.
We assume that variations in these terms are small compared with
that of binding energies and thus the energies of these terms for
pure PdH(111) are applied to other surfaces as listed in Table S9 in
the Supporting Information. Gas-phase species are obtained by
ideal gas methods and the corresponding free energies listed in
Table S10.

The reaction mechanism for CO2 reduction to CO in this work is
considered as follows:[19]

CO2ðgÞ þ * þ Hþ þ e� Ð HOCO* (4)

HOCO* þ Hþ þ e� Ð CO* þ H2OðlÞ (5)

CO* Ð COðgÞ þ * (6)

Reaction free energies are calculated by the computational hydro-
gen electrode (CHE) model,[36] which provides an elegant method
to avoid calculations of solvated protons. In this model, 0 V is
defined based on the reversible hydrogen electrode (RHE). The
reaction is defined as in equilibrium at 0 V, at standard pressure:

Hþ þ e� ! 1=2H2 (7)

Therefore, the sum of the chemical potential of H+ and e– is equal
to half of that of gaseous hydrogen. The reaction free energy
dependence on the applied potentials are as follows:

DG1 ¼ GHOCO*� G*� mCO2ðgÞ� 1=2m
H
A

2
þ eU (8)

DG2 ¼ GCO* þ H2OðlÞ � GHOCO* � 1=2m
H
A
2
þ eU (9)

DG3 ¼ G* þ mCOðgÞ� GCO* (10)

where the applied potentials are relative to the RHE. ΔG1, ΔG2 and
ΔG3 are the free energy difference of the three step reactions for
CO2RR. GHOCO*, GCO* and G* are the free energies of species HOCO*,
CO* and the surface, respectively. μCO2ðgÞ, μCO(g), μH2OðlÞ and mHA

2

represent the chemical potentials of gaseous CO2, gaseous CO,
liquid H2O and gaseous H2, respectively.
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Moreover, experimental vapor pressures are utilized for them in this
work. The partial pressures of H2O and CO are 3534 Pa and 5562 Pa,
respectively.[35] The partial pressure of CO2 and H2 are both under
standard pressure 101325 Pa.[35,37] We ignore electric field effects on
adsorption energies in this work.

The reaction mechanism for the HER can be described by the
following steps:[38]

Hþ þ e� þ * Ð H* ðVolmer stepÞ (11)

H* þ Hþ þ e� Ð H2ðgÞ þ * ðHeyrovsky stepÞ (12)

A kinetic model is utilized to study the activity for CO2 reduction to
CO. The net reaction rates of CO2RR are described as

[39]

r1 ¼ k1q*pCO2 �
k1
K1

qHOCO* (13)

r2 ¼ k2qHOCO* �
k2
K2

qCO* (14)

r3 ¼ k3qCO* �
k3
K3

q*pCO (15)

where k1, k2, and k3 represent forward rate constants for the three
steps of CO2RR. K1, K2, and K3 are the corresponding equilibrium
constants and backward rate constants can be calculated by
forward rate constant over the corresponding equilibrium con-
stants. For example, backward rate constant is equal to k1/K1. p and
θ represent the partial pressure and surface coverage, respectively.
For the electrochemical step 1 and step 2 with coupled electron
proton transfer, the forward rate constants are denoted as

ki¼1;2 ¼ A0exp �
be U � U0i
� �

kBT

� �

(16)

where the pre-exponential factor A’ is a material independent
constant. A value of A’=3.6×104 s–1 is used as in previous work.[39]

kB is the Boltzmann constant and β is a symmetry factor which is
set as 0.5 here. U0i is the reversible potential of reaction step i

U0i ¼ �
DGi

e (17)

where ΔGi is the reaction free energy difference at zero voltage (vs.
RHE) calculated by DFT using the CHE model. The corresponding
equilibrium constants are given by

Ki ¼ exp �
e U � U0i
� �

kBT

� �

e (18)

For the chemical step 3 with no electron or proton transfer, the rate
constant is approximated as

k3 ¼ nexp �
ECO*
kBT

� �

(19)

where ECO* represents the binding energy of intermediate CO*. A
typical pre-exponential factor ν is 1013 s� 1.

Results and Discussion

Before investigating transition metal element dopants, the pure
PdH(111) surface is first studied by DFT with the BEEF–vdW
functional. The crystal constants of optimized bulk PdH are a=

b=c=4.138 Å, which is well consistent with the experimental
result of 4.090 Å.[40] Figure S1 shows the top and side view of
pure PdH(111) structures. The PdH(111) slab is built by
optimized bulk PdH and its lattice constants are a=b=8.778 Å
and c=27.140 Å. The top and side views of pure PdH(111) with
adsorbates HOCO*, CO*, H* and OH* are shown in Figure S2.
We notice that HOCO*, CO* and OH* tend to adsorb on the top
site of PdH, while H* prefers to adsorb on the hollow site
according to their binding energies in Table S1. Figure S3
demonstrates the CO2RR free energy diagram of PdH(111) at
0 V (vs. RHE), at room temperature. The free energies of the
HOCO*, CO* and CO intermediates in this diagram are 0.820,
0.216 and 0.123 eV, respectively. Because the HOCO* formation
step has the highest free energy, this reaction step is the
potential-limiting step on pure PdH(111). This is consistent with
the DFT results of 0.67 eV for the HOCO* step found by by
Sheng et al. using the PW91 functional.[11] At the same time, the
HER free energy diagram of PdH(111) at 0 V (vs. RHE) is also
shown in Figure S4 and the free energy of the Volmer step is
0.501 eV, which is lower than 0.820 eV for CO2RR. Therefore, the
CO2RR steps are thermodynamically more difficult than the HER
steps for pure PdH. Experiments by Sheng et al. found that the
CO/H2 ratio is always lower than 1 at different potentials and
thus show CO has a lower proportion, which has good
agreement with computational results.[11]

In order to improve the CO2RR performance of PdH, the
impact of doping transition metal elements into the PdH(111)
surface is explored below. As displayed in Figure 1, we try to
dope different elements Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr,
Nb, Mo, Ru, Rh, Ag, Cd, Hf, Ta, W and Re into the PdH(111)
surface in different doping configurations which we demote as:
single, dimer, triangle, parallelogram, island and overlayer,
respectively. Their formation energies per dopant atom in the
different doping configurations is first calculated and shown in
Table S2 and in Figure 2. We find, in most cases, that the
overlayer doping is the most unstable, while single doping is
the most stable when an element is doped in different

Figure 1. Top views of doping PdH(111) surface in different doping
configurations: (a) single, (b) dimer, (c) triangle, (d) parallelogram, (e) island
and (f) overlayer. The blue spheres are Pd atoms, the small white spheres
represent H atoms and the grey spheres represent dopant atoms.
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configurations. Moreover, the doping formation energies of Sc,
Ti, Zn, Y, Zr, Nb, Hf and Ta in all doping configurations are
negative except overlayer doping of Zn. This demonstrates that
Sc, Ti, Zn, Y, Zr, Nb, Hf and Ta are easier to be doped into PdH
compared to other elements. We note that for the largest
dopants: Sc, Zn, Y, Zr, Ag, Cd, and Hf significant destabilization
of the overlayer structure compared to single dopant by more
than 1 eV can be observed. This is likely caused by the
increased strain with the full overlayer.

The CO2RR free energy diagrams of doping PdH(111) with
different elements in different configurations are calculated to
explore the possibility of lowering the potential-limiting HOCO*
step as displayed in Figure 3. The free energies are calculated
using the most stable adsorption sites according to the binding
energies in Tables S3–S8 and the corresponding specific free
energies are listed in Tables S11–S16 in the Supporting
Information. For single atom doping of PdH(111), Fe, Zr, Nb and
Ru doping effectively decrease the free energy of the HOCO*
step by � 0.003, � 0.06, � 0.07, and � 0.15 eV, respectively,
compared to the pure PdH. However, the doping formation
energies of Fe and Ru are positive and thus unstable. Therefore,
the candidates for lowering the HOCO* step are Nb and Zr
doped PdH for doping with a single atom. For dimer doping of
PdH(111), the free energies of HOCO* step of Sc, Ti, V, Cr, Mn,
Fe, Y, Zr, Nb, Mo, Ru, Hf, Ta, W and Re are downhill relative to
undoped PdH. Their free energy differences with respect to PdH
are � 0.39, � 0.04, � 0.01, � 0.63, � 0.30, � 0.143, � 0.88, � 0.63,
� 0.04, � 0.16, � 0.19, � 0.18, � 0.10, � 0.03, and � 0.01 eV,
respectively. Among them, Sc, Ti, Zr, Nb, Hf and Ta are stable
according to their doping formation energies, and thus they are
possible candidates for CO2RR for this case. Doping with Y
dimers is neglected due to structural distortion upon optimiza-
tion. Still, for the triangle doping, Sc, Ti, V, Cr, Mn, Fe, Zr, Nb,
Mo, Ru, Hf, Ta, W and Re doping leads to a free energy
reduction of the potential-limiting step, and the free energy
differences compared to pure PdH(111) are - 0.30, � 0.17, � 0.34,
� 0.57, � 0.32, � 0.30, � 0.50, � 0.24, � 0.23, � 0.21, � 0.42, � 0.41,
� 0.06 and � 0.27 eV, respectively (Y doping is removed due to
large structure distortion). The ones that could be stable are still

Figure 2. Formation energies of doping PdH(111) with different elements in
different doping configurations.

Figure 3. Free energy diagrams of doped PdH(111) with doping elements in different configurations.
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Sc-, Ti-, Zr-, Nb-, Hf- and Ta-doped PdH. Similarly, there are
more doping elements that can lower the potential-limiting
step: Sc, Ti, V, Cr, Mn, Fe, Co, Zr, Nb, Mo, Ru, Hf, Ta, W and Re in
the parallelogram configuration. Their free energy differences
with respect to PdH are � 1.02, � 0.31, � 0.29, � 0.41, � 0.32,
� 0.46, � 0.39, � 0.42, � 0.28, � 0.49, � 0.37, � 0.57, � 0.25, � 0.66,
and � 0.66 eV, respectively. In the parallelogram configuration
Zn, Y and Cd doping are discarded due to large structural
distortion. Again, the most promising stable candidates are Sc,
Ti, Zr, Nb, Hf and Ta dopants. It is worth to notice that Sc
doping in this case greatly decreases the HOCO* step and the
line connecting HOCO* to CO* in the free energy diagram
intersects with lines from other dopants. This illustrates that Sc
doping clearly breaks the scaling relation between HOCO* and
CO*. For the case of island doping, the free energies of Sc, Ti, V,
Cr, Mn, Fe, Co, Nb, Mo, Ru, Rh, Ta, W and Re are downhill
compared with that of the undoped PdH(111), and the free
energy differences are � 1.002, � 0.423, � 0.325, � 0.293, � 0.747,
� 0.565, � 0.160, � 0.592, � 0.864, � 0.333, � 0.032, � 0.817,
� 0.466 and � 0.424 eV, respectively. Y, Zn, Zr, Cd and Hf doping
are discarded due to large structure distortion in the island
configuration. However, the stable dopants are Sc, Ti, Nb and Ta
in the light of their negative formation energies. In the last
configuration of overlayer doping, several structures are not
stable after binding the reaction intermediates including Sc, Y,
Zn, Zr, Cd and Hf overlayer surfaces. This may again be related
to the large size of these dopants and the corresponding lattice
mismatch that can be seen in Table S17, and thus they are
removed in this case. Ti, V, Cr, Mn, Fe, Co, Ni, Nb, Mo, Ru, Rh, Ta,
W and Re doping can effectively reduce the free energy of
HOCO* step and the free energy differences are � 0.232,
� 0.222, � 0.423, � 0.884, � 1.971, � 1.234, � 0.844, � 0.196,
� 0.329, � 0.554, � 0.093, � 0.577, � 0.611 and � 0.939 eV,
respectively, but only Ti, Nb, Ta and V doping are the stable
ones. The candidates of different configurations for CO2RR are
finally summarized in Table 1. Overall, we find that Ti, Sc, Nb, Zr,
Hf and Ta doping of PdH(111) are promising dopant candidates
in most configurations.

The scaling relations of intermediates on doped PdH(111)
with different elements in different doping configurations are
further studied to understand catalytic performance. Taking the
top site adsorption as an example, the structures of the surface
with HOCO*, CO*, H* and OH* are displayed in Figure 4a–d. The
binding energies in the most stable sites are, however, applied
in the following analysis with the corresponding data listed in
Tables S3–S8. Figure 5 shows the scaling relation between
HOCO* and CO* in the six dopant configurations. We use R2, a

statistical measure that represents the proportion of the
variance between two variables, to describe how well a linear
scaling relation is fitted, and a good fit has R2 close to 1. In
Figure 5a–f, Fe, Co, Ni, Cu, Ru, Rh and Ag doping are marked in
red dots and the corresponding fitted lines are also shown in
red. They display clear linear scaling relations in all config-
urations with R2 values 0.84, 0.88, 0.89, 0.96, 0.97 and 0.86,
respectively. This is because they all form only a C� metal bond
on the top of one dopant in all doping configurations according
to optimized HOCO* structures as shown in Figure 4a. The fitted
lines of the six doping cases using all doping elements are
displayed by the blue lines. They show much lower R2 values of
0.42, 0.36, 0.51, 0.48, 0.41, and 0.80, respectively. This is because
the surfaces doped with Sc, Ti, Nb, Zr, Zn, V, Mn, Mo, Cr, Hf, Cd,
W, Ta, and Re mostly tend to form two bonds to the surface
consisting of a C� Metal (C� M) and an O� Metal (O� M) on two
different metal atoms for HOCO* on the surface as displayed in
Figure 4e. A small part of them, however, forms two bonds to
the same metal atom as shown in Figure S11. All structures are
summarized in the database in the supporting information and
the corresponding formation of two bonds can be found in the
database. The C� M and O� M bond lengths of HOCO* on the
doped surfaces in different configurations are listed in
Tables S18 and S19, and O� M bond lengths are summarized in
figure S15. We have chosen a surface-oxygen distance of 2.7 Å
to determine whether a bond is formed between the O in
HOCO and the surface because few surfaces have O� M bond
lengths between 2.4 and 2.8 Å. A more detailed discussion is
given in the supporting information. For example, Figure 4f
shows the charge density difference for HOCO* on the Ti
parallelogram doped surface, which clearly demonstrates that
two bonds form to the surface. The bond length of C� Ti is
2.259 Å and the bond length of O� Ti is 2.032 Å. We therefore
conclude the formation of two bonds breaks the previous single
C� Metal scaling relations and thus reduces the R2. Furthermore,
the dopant structures resulting in the formation of two bonds
show stronger HOCO* binding with the surface compared to
their CO* binding energy, which may be the reason the free
energies of the HOCO* step with the two bonds are relatively

Table 1. Possible candidates for different PdH(111) doping configurations
according to free energy diagrams.

Doping configurations Possible candidates

single Nb, Zr
dimer Sc, Ti, Nb, Zr, Hf, Ta
triangle Sc, Ti, Nb, Zr, Hf, Ta
parallelogram Sc, Ti, Nb, Zr, Hf, Ta
island Sc, Ti, Nb, Ta
overlayer Ti, Nb, Ta, V

Figure 4. Structures of intermediates (a) HOCO* (one bond), (b) CO*, (c) H*
and (d) OH* on the top sites of a doped PdH(111) surface. (e) HOCO* forms
two bonds with PdH(111). The blue spheres are Pd atoms, the small white
spheres represent H atoms, the big grey spheres represent dopant atoms,
the red spheres are O atoms, and the small grey spheres are C atoms. (f)
Charge density difference figure for HOCO* with two bonds. The blue region
represents charge depletion while the yellow region means charge
accumulation.
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low in Figure 3. Figure S12 shows the scaling relations of
adsorbates HOCO* vs. OH* in different doping configurations.
Similarly, for the surfaces doped with Fe, Co, Ni, Cu, Ru, Rh, and
Ag, their HOCO* binding energies can scale linearly with the
OH* energies, and the R2 values are 0.81, 0.82, 0.81, 0.63, 0.77
and 0.83 in different doping configurations, respectively.
However, their scaling relations of total metal element doped
surfaces have worse R2 values of 0.03, 0.46, 0.62, 0.60, 0.80, 0.50,
respectively. This could also be attributed to the formation of
the two bonds of HOCO* on the surfaces as we described
before. The scaling relations between CO* and H* intermediates
on doped PdH(111) surfaces in different doping configurations
are also shown in Figure S13. The CO* and H* intermediates
display good scaling relations with R2 values of 0.68, 0.80, 0.74,
0.66, 0.78 and 0.49. This can be attributed to the fact that only
one atom in CO* and H* interacts with the surfaces.

In order to further study the kinetic activity of doped
PdH(111), a kinetic model is utilized. In Figure 6, the activity
volcano of doped PdH(111) for CO2RR in different doping
configurations are given. It is seen that the kinetic activities
depend on the binding energies of both HOCO* and CO*. The
partial pressure of CO2 and CO are 101325 Pa and 5562 Pa,
respectively, and the overpotential (the difference between the
applied potential and the equilibrium potential calculated with
the BEEF–vdW functional) is set to 0.3 V. It can be noted that Ti,
Sc, Nb and Zr demonstrate excellent catalytic activities in
different doping configurations. Among them, Sc doping with
dimer, triangle and island configurations, Zr doping with dimer,
triangle and parallelogram configurations and Hf doping with
dimer, triangle and parallelogram configuration are close to the
center of the volcano and thus show good activities. However,

according to binding energy in Figure S12, OH* binding of Sc,
Zr and Hf are so strong on the PdH surface, which will cause
OH* poisoning. Besides, we notice that Ti doping with parallelo-
gram and overlayer configuration and Nb doping with overlayer
configuration are also closer to the center of the volcano
compared to PdH. Furthermore, the free energies of OH* are
smaller than 0.3 eV and thus will not be poisoned at 0.3 V
overpotential. Therefore, they are expected to have better
kinetic activities than pure surface. However, we can find that
CO* binding of Ti and Nb doping are stronger than pure PdH,
which limits their kinetic activities at room temperature due to
slow CO desorption. In order to further improve CO* activities
of noneletrochemical step, one could increase the temperature.
As shown in Figure S14, we take Ti doping in the parallelogram
configuration as an example. With the temperature increasing,
the partial current density of CO* would increase and
7.72 mA cm� 2 can be achieved at 350 K. In addition, we
calculate the surface stability and the corresponding Pourbaix
diagram[41,42] of HOCO*, CO*, H*, OH*, metal ion dissolution, for
PdH(111) surfaces including Ti doping in parallelogram and
overlayer configurations, Nb doping with overlayer configura-
tions, and pure PdH(111) as displayed in Figures S20–S25. The
detailed methods are given in the supporting information. It is
noticed that ion dissolution is unfavorable when the potential is
less than or equal to � 0.304, � 0.290, � 0.224 and 1.017 V at
pH=0 for these four configurations, and the dissolution
potential will be more negative as pH increases. This means
that these three doped surfaces are stable under negative bias
typically required for CO2 reduction, but that stability might be
an issue above the working potential.

Figure 5. Scaling relation of intermediates on doped PdH(111) with different elements between HOCO* and CO* in different dopant configurations. The red
line is fitted to Fe, Co, Ni, Cu, Ru, Rh and Ag doped PdH(111) where HOCO* forms one bond to the surface. The blue line is fitted to all doped PdH(111).
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Figure 7 illustrates the selectivity for CO2RR and HER of
doped PdH(111) in different doping configurations with the
corresponding data listed in Tables S3–S8. We apply ΔGHOCO*–
ΔGH* as a descriptor to demonstrate the trend of producing CO2
and H2. When the value of ΔGHOCO*–ΔGH* is more negative, it
indicates that there would be higher selectivity toward CO2RR.
Otherwise, the more positive value of ΔGHOCO*–ΔGH* represents
the higher selectivity toward HER. We find that a majority of
elements doped PdH in different doping configuration will
generate more H2 than CO according to Figure 7. However,
some overlayer doping such as, Sc, Mn, Fe, Co, Ni and Zr prefer
to generate more CO. It is worth noting that the values for Ti
and Nb doping are more negative than for pure PdH(111) in

most doping configurations and thus tend to produce more
CO.

Conclusions

Density functional theory calculations have been applied to
study the CO2RR and the competing HER of PdH(111). 22
transition metal elements Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y,
Zr, Nb, Mo, Ru, Rh, Ag, Cd, Hf, Ta, W and Re are doped into the
PdH(111) surface in different doping configurations to explore
their catalytic performance. Doping formation energies show
Sc, Ti, Zn, Y, Zr, Nb, Hf and Ta dopants are easier to dope into
the surface. Free energy diagrams identify Ti, Sc, Nb, Zr, Hf and
Ta as possible doping candidates which lower the HOCO*
limiting step for the CO2RR. The scaling relations of HOCO* vs.
CO* binding energies in different doping configurations display
well-defined scaling relations for Fe, Co, Ni, Cu, Ru, Rh and Ag
doping because HOCO* and CO* intermediates all form a single
C� Metal on the surfaces. However, the formation of the two
bonds consisting of one C� Metal and one O� Metal bond break
the scaling relation for other dopants, which is the reason why
these dopants have strong HOCO* binding compared to the
CO* binding. According to kinetic volcano plots, Ti doping with
parallelogram and overlayer configuration and Nb doping with
overlayer configuration are further found to have better kinetic
activities than pure PdH(111) at a low overpotential of 0.3 V. At
the same time, Ti and Nb are also possible to generate more CO
compared with pure surface based on their selectivity toward
the CO2RR and HER.

Figure 6. Activity volcano plots of doped PdH(111) with different elements for CO2RR at 0.3 V overpotential in different dopant configurations.

Figure 7. Selectivity plot for CO2RR and HER of doped PdH(111) with
elements in different dopant configurations.
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