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ABSTRACT OF THE DISSERTATION

Surface Chemistry and Catalysis from First Principles

by

Guoxiang Hu
Doctor of Philosophy, Graduate Program in Chemistry

University of California, Riverside, June 2018
Dr. De-en Jiang, Chairperson

Hydrogen-catalyst interaction is the foundation of many technologies and
processes. Herein we employ first principles density functional theory (DFT) techniques
to investigate how hydrogen interacts with different catalytic systems, including cobalt
phosphide (CoP), h-BN monolayer supported on transition metals (h-BN/metal),
atomically precise gold nanoclusters, and titanium dioxide (TiO2). Our study has
important implications for the use of the catalysts for hydrogen evolution reaction (HER),
CO:- reduction, and H: activation.

Electrochemical HER using renewable energy can provide a sustainable supply of
fuel for future societies with hydrogen as a key energy carrier. CoP is one of the most
active earth-abundant electrocatalysts for HER. We have studied the adsorption structures
and energetics of atomic hydrogen on several low-Miller-index surfaces of CoP. We find
that CoP(111) is the most promising facet for high and long-lived HER activity.
Compared to HER, CO:> reduction is much harder. Since HER competes with CO-
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reduction at all negative potentials, a key criterion for selective catalysts in CO; reduction
is the avoidance of HER. We have investigated the electrocatalytic activities of h-BN/Ni,
h-BN/Co, and h-BN/Cu. We find that the competitive HER channel can be filtered out by
the surface h-BN monolayer for h-BN/Ni and h-BN/Co, making them very good
electrocatalysts for CO> reduction.

Atomically precise gold nanoclusters are a new class of catalysts, and it is able to
establish structure-activity correlations due to their well-defined structures. Thiolate-
protected gold nanoclusters have received considerable research attention, and have been
reported to exhibit high HER activity. We have studied the thiolate-gold interface and
find that the interfacial structures of thiolates on gold are surface sensitive. To understand
HER on the thiolate-protected gold nanoclusters, we have studied how hydrogen interacts
with  [Auxs(SR)18]® clusters (g=-1, 0, +1) and monoatom-doped bimetallic
[M1Au22(SR)1g]9 clusters (M=Pt, Pd, Ag, Cu, Hg, Cd, and g=-2, -1, 0). We conclude that
PtAu24(SR)1s, PdAu24(SR)18, and CuAu24(SR)1s clusters can be very good electrocatalysts
for HER. Unlike the above thiolate-protected gold nanoclusters, where the surface gold
atoms are fully coordinated by the thiolates, the Auz(L®)s cluster (L = 1,8-
bis(diphenylphosphino) octane) is unique in that it contains eight coordinatively
unsaturated (cus) gold atoms. We find that the eight cus gold atoms in the Auxz(L®)s
cluster can adsorb hydrogen stronger than Pt, thereby being a potentially promising
catalyst for HER.

Hydrogen interaction with metal oxides is of growing interest recently. TiO- is one

of the most extensively investigated metal oxides. We have studied the mechanisms of H;
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activation on the surfaces of different TiO> polymorphs, including rutile TiO2(110),
anatse TiO»(101), and brookite TiO2(210). We find that for all the three surfaces,
although the homolytic dissociation of Hz is thermodynamically more favorable, the

heterolytic pathway is kinetically more favorable.
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Chapter 1

Introduction

This dissertation focuses on using first principles DFT to understand hydrogen
interaction with different catalytic systems, including earth abundant materials,
atomically precise gold nanoclusters, and titanium dioxide (TiO2) surfaces. The study has
important implications for the use of the catalysts for electrochemical hydrogen evolution
reaction (HER), CO reduction, and Ha activation. Specifically speaking, this dissertation
includes HER on different surfaces of CoP, CO> reduction on h-BN/metal (metal = Ni,
Co, and Cu), HER on atomically precise gold nanoclusters, and H activation on the
surfaces of different TiO2 polymorphs.

Chapter 2 shows the detailed computational methods. Briefly speaking, for solids
and surfaces, the DFT calculations were performed with the Vienna ab initio simulation
package (VASP) with periodic boundary conditions (PBC).! For molecules and metal
nanoclusters, the calculations were performed with the Turbomole program (Version
6.5)2 without the periodic boundary conditions.

Chapter 3 presents HER on different surfaces of CoP. The increasing global energy
demands prompt intense research efforts in the exploration of catalytic systems for the
conversion and storage of renewable energies. Electrocatalytic water splitting with
renewable energy input, to produce hydrogen gas offers a promising strategy for this

purpose.> The electricity needed to produce hydrogen can be provided by renewable
1



energy sources such as photovoltaic, wind and tidal power. Efficient water splitting
requires high performance catalysts to facilitate its two half-reactions: hydrogen
evolution reaction (HER) at the cathode and oxygen evolution reaction (OER) at the
anode. Table 1.1 lists the chemical equations of HER and OER in acidic and alkaline
solutions. To date, platinum is the most efficient electrocatalyst for HER. However, the
low natural abundance and high cost of platinum hamper its wide use at the industrial
scale. Thus, it is highly desirable to develop efficient, low-cost and earth-abundant

electrocatalysts for HER.

Table 1.1. Chemical equations of HER and OER in acidic and alkaline solutions.

Acidic solution Alkaline solution

HER at the cathode 2H*(aq) + 2e"— Hz (g) 2H,0 (1) + 2e” — Ha(g) + 20H (aq)

OER atthe anode 2H,0O(l) — O(g) + 4H*(aq) + 46~ 40H (aq) — O2(g) + 2H.0(l) + 4 ¢~

CoP has been reported to be one of the most active, acid-stable, earth-abundant
electrocatalysts for HER.* However, the nature of its high HER activity keeps unknown.
For the mechanism of HER in acid media, two types of pathways have been proposed:
the VVolmer—Heyrovsky and the VVolmer—Tafel mechanism. The VVolmer reaction refers to
the initial adsorption of protons from the acid solution to form adsorbed H (H* + & —
Hag).? In the Volmer—Heyrovsky mechanism, the adsorbed hydrogen reacts with a
solvated proton from the water layer to form Hz (Ha + H* + & — H>),® while in the
Volmer—Tafel mechanism, the adsorbed hydrogen reacts with another adsorbed surface

hydrogen to form Hz (Ha + Has — Ha2).” Obviously, hydrogen adsorption is very



important during the process of HER. In addition, Ngrskov group has reported that Gibbs
free energy of hydrogen adsorption (AGH) is a descriptor for HER, and good HER
catalysts are expected to have close-to-zero AGn.® Therefore, we study the adsorption of
hydrogen on (111), (110), (100), and (011) surfaces of CoP from first principles DFT in
chapter 3. By calculating AGH, we predicted the HER activities of the surfaces. With ab
initio atomistic thermodynamics, we determined the most stable surface at the
experimental conditions (1 atm H> pressure and 300K). We find that the (111) surface of
CoP is the most promising facet for high and long-lived HER activity. The key feature of
hydrogen adsorption on CoP(111) is that both Co bridge sites and P top sites are able to
adsorb hydrogen with close-to-zero AGH and that there is a synergy of Co and P atoms in
adsorbing hydrogen.

Besides HER, we are also interested in CO- reduction. Electrochemical CO> can
not only produce useful fuels but also low the atmospheric level of CO,. Numerous
researchers have studied electrochemical CO2 reduction at the metal catalysts.® Compared
to HER, CO> reduction is much harder. Since HER competes with CO. reduction at the
cathode at all negative potentials, a key criterion for selective catalysts in CO> reduction
is the avoidance of HER in the presence of CO..2° Therefore, it is interesting to
investigate if we can tune the selectivity of CO2 reduction vs. HER by surface/interface
engineering of the metal catalysts. It has been reported that monolayers of h-BN can be
grown on various transition metals by chemical vapor deposition (CVD). Moreover, it
has been shown that gold supported h-BN monolayers are very active for oxygen

reduction reaction (ORR). The interesting point is that neither h-BN or Au shows high



catalytic activity for ORR.}} Motivated by the importance of electrochemical CO>
reduction and the potential of h-BN/metal as electrocatalysts, in Chapter 4, we study the
electrocatalytic activities of h-BN/metal (metal = Ni, Co, and Cu) for CO. reduction from
first principles DFT. We are focused on tuning the selectivity of CO- reduction vs. HER
by surface engineering of the metal catalysts with h-BN monolayer.

For the mechanism of CO> reduction, the first protonation of CO> can proceed via
two channels: (i) at the C atom to form *HCOO (* + CO2 + H" + e > *HCOOQ), then to
HCOOH (*HCOO + H" +e - HCOOH); (ii) at the O atom to form *COOH (* + CO, +
H* + e = *COOH), then to CO and H20O (*COOH + H* + & = *CO + H,0).12 Thus,
the key intermediates for HER, CO> reduction to HCOOH, and CO. reduction to CO are
H, HCOO, and COOH, respectively. To study the electrochemical activities of h-BN/NIi,
h-BN/Co, and h-BN/Cu for HER and CO: reduction, we first examined their geometry
and electronic structures. Then, we computed the binding energies of the key
intermediates on h-BN, metal, and h-BN/metal. At last, we employed the computational
hydrogen electrode model®® to evaluate the free energy diagrams for HER and CO:
reduction as well as their competition on these materials. We find that H binding on the
metal can be significantly weakened by the h-BN monolayer, but the binding strength of
HCOO is strong on both the metal and h-BN/metal, especially for Ni and Co. This
different adsorption leads to selectivity control for HER vs. CO> reduction. We find that
h-BN/Ni and h-BN/Co can be very good electrocatalysts for CO2 reduction to HCOOH,

because the competitive HER channel is filtered out.



Atomically precise gold nanoclusters are a new class of catalysts, and it is able to
establish structure-activity correlations due to their well-defined structures.* Recently, it
has been reported that both Au2s(SR)1s and PtAu24(SR)1s exhibit high HER activity; more
interestingly, the activity of PtAu24(SR)1s is much higher than that of Au2s(SR)1s, and
PtAu24(SR)1s is among the most active molecular catalysts for HER.%® It is therefore of
great interest to investigate hydrogen interaction with atomically precise gold
nanoclusters.

Chapter 5 presents the study of the interfacial structures between the ligands and
gold. We find that the interfacial structures of thiolates on gold are surface sensitive:
while a staple motif (such as -RS-Au-SR-) is preferred on Au(111), a bridging motif (-
RS-) is preferred on Au(100) and Au(110). We further confirm the preference of the
bridging motif for self-assembled monolayers (SAMs) on Au(100). With this surface
sensitivity, we categorize the structure-known Aun(SR)m clusters into three groups: (1) no
bridging; (2) ambiguous bridging; (3) distinct bridging.

To understand HER on the thiolate-protected gold nanoclusters, in chapter 6, we
study how hydrogen interacts with [Auzs(SR)1g]? clusters (g=-1, 0, +1) and monoatom-
doped bimetallic [M1Au24(SR)1g]? clusters (M=Pt, Pd, Ag, Cu, Hg, Cd, and g=-2, -1, 0).
We especially focus on the binding sites and energetics of hydrogen in the clusters and
the changes to their superatomic free-electron count. We find that hydrogen behaves as a
metal in these clusters and contributes its 1s electron to the superatomic free-electron
count. By calculating AGH, we predict that PtAu24(SR)1s, PdAu24(SR)is, and

CuAu24(SR)1s clusters can be very good electrocatalysts for HER. Our prediction of the



higher HER activity of PtAu2s(SR)1s than Aus(SR)is is in good agreement with the
experimental results reported by Lee’s group.

Unlike the above thiolate-protected Au nanoclusters, where the surface Au atoms
are fully coordinated by the thiolate ligands, the Aux(L®)s cluster (L = 1,8-
bis(diphenylphosphino) octane) is unique in that it contains eight coordinatively
unsaturated (cus) Au atoms.’® In Chapter 7, we investigate the interaction between
hydrogen and the Auz(L8)s cluster. We find that the eight cus gold atoms in the Auzz(L®)s
cluster can adsorb hydrogen stronger than Pt, thereby being a potentially promising
catalyst for HER. From the HOMO-LUMO gaps, frontier orbitals, and Bader charge
analysis, we conclude that hydrogen behaves as a hydride or electron-withdrawing ligand
in the Auz2(L8)s clusters, in contrast with the metallic hydrogen in thiolate-protected gold
nanoclusters. This study demonstrates the behavior of hydrogen in ligand-protected gold
nanoclusters is ligand dependent and ligand-protected gold clusters with cus gold sites
will be excellent electrocatalysts for HER.

Since atomically precise metal nanoclusters with their well-defined structures are a
promising class of model catalysts to establish structure-activity correlations, especially
for electrocatalysis where the reactions take place in ambient conditions, in Chapter 8, we
highlight recent advances in electrocatalysis by atomically precise metal nanoclusters
(mainly focused on gold and copper nanoclusters) for water splitting, CO2 reduction, and
some other reactions. These metal nanoclusters can be either used as homogeneous

catalysts in solutions or loaded onto solid supports as heterogeneous catalysts. We also



point out several interesting directions to fully realize the potential of atomically precise
nanoclusters in electrocatalysis.

So far, we have discussed hydrogen interaction with three-dimensional (CoP),
two-dimensional (h-BN monolayer), and zero-dimensional (atomically precise gold
nanoclusters) materials. Recently, it has been shown that hydrogen interaction with metal
oxides is of growing interest.)” Among the metal oxides, TiO, is one of the most
important and extensively studied systems. Therefore, in Chapter 9, we study H:
activation on the surfaces of different TiO2 polymorphs, including rutile TiO2(110),
anatse TiO2(101), and brookite TiO2(210). We find that for all the three surfaces,
although the homolytic dissociation of H: is thermodynamically more favorable, the
heterolytic pathway is kinetically more favorable. For rutile TiO2(110) and brookite
Ti02(210), the hydrides which are produced by the heterolytic dissociation of H2 can
easily transfer from Ti to O, finally yielding the homolytic products. However, for
anatase TiO2(101), the barrier of hydrogen transfer form Ti to O is very high. This
indicates that hydrides on anatase TiO2(101) can be kinetically stabilized. Thus, it is
expected that hydrides on anatase TiO2(101) can be experimentally detected by *H-NMR
or INS. In addition, the hydrides can be evolved in the hydrogenation reactions of C-C or
C-O multiple bonds.

In summary, this dissertation has presented hydrogen interaction with different
dimensional materials and the applications of the materials in catalysis, such as HER,
CO2 reduction, and H: activation, by first principles DFT. DFT has been widely used in

physics, chemistry and materials science to investigate the electronic structure of various



materials, and normally can yield satisfactory description of the materials. With an
ultimate goal of knowledge-based design of functional materials for a sustainable society,
our study provides valuable guidelines to experimental researchers for the design of novel
catalysts, and provides computational insights into the mechanisms of the catalytic

reactions.
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Chapter 2

Computational Methods

2.1 Hydrogen adsorption on CoP

Spin-polarized DFT calculations were performed by using the Vienna ab initio
simulation package (VASP).! The ion-electron interaction was described with the
projector augmented wave (PAW) method.? Electron exchange-correlation was
represented by the functional of Perdew, Burke and Ernzerhof (PBE) of generalized
gradient approximation (GGA).3 A cutoff energy of 400 eV was used for the plane-wave
basis set. (111), (110), (100), and (011) surfaces were examined. About 10-A thick slabs
in (2 x 2) lateral cells with 15 A of vacuum along the z-direction were used to model the
adsorbate-surface systems. The Brillouin zone was sampled by (3x3x1) Monkhorst-Pack
k-point mesh. Both the layer thickness and k-point mesh were tested to achieve a
convergence of hydrogen adsorption energy within 0.04 eV. The top half of the slab was
allowed to relax together with the adsorbed H atoms and the convergence threshold for
structural optimization was set to be 0.025 eV/A in force. Partial atomic charges were
obtained using Bader charge analysis as implemented by Henkelman and co-workers.*
We also used a different method REPEAT® to derive the atomic charges.

Surface energies was determined by using

— Esiab—NEpuik (1)

14 2A
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where Esiab IS the total energy of the surface slab, Enui is the total energy of the bulk unit
cell (eV/CoP), N is the number of unit formula in the slab, and A is the surface area. The
differential hydrogen adsorption energy AEy was calculated by
AEy = E(CoP 4+ nH) — E[CoP + (n — 1)H] — %E(HZ) (2)
where E(CoP + nH) and E[CoP + (n — 1)H] represent the total energy of the CoP
system with n and n-1 adsorbed hydrogen atoms on the surface, respectively, and E(H)
represents the total energy of a gas phase H> molecule. A negative value of AEy, suggests
favorable absorption. The differential Gibbs free energy of adsorption AGy was obtained
by
AGy = AEy + AE,pg — TASy (3)
where AE,p is the difference in zero point energy between the adsorbed H and H in the
gas phase H> molecule, and ASy is the entropy difference between the adsorbed H and H>
in the gas phase at standard conditions.
Ab initio atomistic thermodynamics® was used to identify the most stable phase of
each surface at 1 atm H> and 300K. The Gibbs free energy of adsorption at a specific

temperature and pressure AG%* (T,p) was calculated by

AG (T, p) = 5 [E®at (Ny) — B9 (0) — "2 Ef2'! — Nydpy (T,p)| (4)
where Et°tal (N,) is the total energy of the CoP system with Ny hydrogen atoms
adsorbed on the surface, E®t% (0) is the total energy of the clean CoP surface, and
Ef°te! is the total energy of a gas phase Hz molecule. Ay (T, p) is the chemical potential

of hydrogen at different temperatures and pressures. Equation (4) allows one to plot the
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Gibbs free energy of adsorption as a function of the hydrogen chemical potential for a
specific surface at a specific H coverage. At any given hydrogen chemical potential, the
stability of these H-covered surfaces can then be compared. Auy (T, p) is related to

specific (T, p)-conditions by
_ 0 1 p
By (T,p) = By (T,p®) + 3 kTl (%) (5)

where Apy (T, p°) is the hydrogen chemical potential at the standard pressure which can

be looked up from the thermodynamic tables.’

2.2 CO2 reduction on h-BN/metal

Spin-polarized DFT calculations were performed by using the same computational
methods as described in 2.1. The calculated h-BN lattice parameter is 2.504A, which is in
good agreement with the experimental value.® H-BN/metal surfaces were modeled with
slabs with 4 layers of metal and one layer of h-BN in (4 x 4) lateral cells. In all structural
optimizations, the atoms in the bottom two metal layers were fixed while the other atoms
including adsorbates were fully relaxed. A vacuum space with a length of 20 A was
employed along the z-direction to avoid the artificial interactions between the slab and its
repeated images. The van der Waals interactions were included via the DFT-D3 method.®

The binding energy of H (AEH) was calculated by AEy; = E(catalyst + H) —
E(catalyst) — %E(Hz), where E (catalyst + H), E(catalyst), and E (H,) represent the

total energy of the catalyst-H system, the energy of the catalyst, and the energy of one gas

phase H> molecule, respectively. Binding energies of HCOO (AEncoo) and COOH
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(AEcoon) were calculated with  AEycoo/coon = E(catalyst + HCOO/COOH) —
E(catalyst) — E(CO;) — %E(Hz) , Where E(catalyst + HCOO/COOH) and E(CO,)

represent the total energy of the catalyst with one adsorbed HCOO or COOH and the
energy of one gas phase CO. molecule, respectively. A negative value of the binding
energy suggests favorable adsorption.

The change in Gibbs free energy (AG) for all electrocatalytic steps was defined as
AG = AE + AE;pp — TAS. AE can be directly determined by the DFT total energies.
AEzee is the zero-point energy difference between the products and the reactants, and the

zero-point energy was calculated by summing vibrational frequencies ®y over all normal
modes Vv: Ezpp = %Z hw,. ASis the entropy difference between the products and the

reactants. The entropies of the free molecules at 298.15 K and 1 atm were taken from the
NIST database,'® while for the adsorbed species, the vibrational entropy was considered
and calculated by the methods described by Cramer.!! The calculated zero-point energy
and entropy corrections at 298.15 K for various gas-phase and adsorbed species are

provided in Table 2.1 and 2.2.
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Table 2.1. Zero-point energy (ZPE) and entropy (TAS) corrections for various gas-phase species
at T=298.15K.

Species ZPE (eV) TAS (eV)
CO; 0.31 0.67
CO 0.13 0.61

H 0.30 0.40
HCOOH 0.90 1.04
H.0 0.60 0.67

Table 2.2. Zero-point energy (ZPE) and entropy (TAS) corrections for the adsorbed species on
Ni(111) and h-BN/Ni(111) at T=298.15K.

Surface Species ZPE (eV) TAS (eV)
Ni(111) H* 0.17 0.01
Ni(111) HCOO* 0.61 0.16
Ni(111) COOH* 0.59 0.11
Ni(111) co* 0.17 0.09
h-BN/Ni(111) H* 0.26 ~0.00
h-BN/Ni(111) HCOO* 0.66 0.14
h-BN/Ni(111) COOH* 0.64 0.19
h-BN/Ni(111) CcO* 0.15 0.21

In order to determine the contribution of solvation effect on the free energy of
reaction intermediates, we calculated the adsorption energies of HCOO and COOH on h-

BN/Ni(111) covered with water molecules. A hexagonal water layer was placed on top of
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the HCOO and COOH intermediates. The energy difference between the adsorption
energy with and without the presence of water gives the estimation of the solvation
energy. We found that HCOO and COOH were stabilized by 0.05 eV and 0.15 eV,

respectively. These values are relatively small and can be neglected.

2.3 Thiolate-gold interface
DFT calculations were performed by using the same computational methods as described
in 2.1. The calculated Au fcc lattice parameter is 4.169A, which agrees reasonably with
the experimental value (4.078A). The gold surfaces were modeled with four layers of
slabs in (4 x 4) lateral cells for Au(111) and Au(100), and six layers of slab in (3 x 4)
lateral cells for Au(110), with 15 A of vacuum along the z-direction. The top half of the
slab was allowed to relax together with the adsorbed thiolates. The vdW interactions were
included via the DFT-D3 method for the structural optimizations with the experimental
ligand TBBT.®
The binding energy of the bridging motif (-RS-) was calculated by

E, = Ethiol/Au_slab — Equ _siap — Esr (6)
where Einior/au siab » Eausiap» @Nd Egg represent the total energy of the adsorbate-
substrate system, the energy of the Au slab, and the energy of one gas phase SR,

respectively. The binding energy of the staple motif (-RS-Au-SR-) was calculated by

Ep = = (Eeniotyau_stap — Eau_stap — 2Esg — EF2) (7)
where EF¥X is the energy of one bulk Au atom. Here we considered the energy involved
in Au adatom formation needed for the staple motif.*?
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2.4 Hydrogen adsorption on atomically precise gold nanoclusters

DFT calculations with periodic boundary conditions (PBC) were performed by using the
same computational methods as described in 2.1. We first put the cluster in a cubic box
(30x30x30 A®) and optimized the structure of the cluster. The initial structures of the
clusters are form the crystallographic information files provided by the experiments. Spin
polarization was used for system of odd-number electrons. Geometry relaxations were
carried out using the conjugate-gradient algorithm with a criterion that all the residual
force components on each atom are less than 0.03 eV/ A. T point only was used to sample

the k space.

The hydrogen adsorption energies AEy on the gold nanoclusters were calculated
by
AEy = E(Au+ nH) — E[Au + (n — 1)H] — E(H) (8)
where E(Au + nH) and E[Au+ (n— 1)H] represent the total energy of the gold
nanocluster with n and n-1 adsorbed H, respectively. E(H) represents the total energy of
one hydrogen atom. A negative value of AE} suggests favorable absorption. To find the
optimal adsorption site of hydrogen, initially we add hydrogen over the cluster’s “pocket”
site, where the inner Auiz core is not completely blocked by the protecting ligands. It is
found that hydrogen will spontaneously bind to the inner Auiz core during the structure
optimization. In addition, we tested hydrogen binding to the Au atoms of the protecting
staple motifs. We find that they all have weaker binding energies. For the structures of
more than one hydrogen adsorbed on the clusters, we tested different configurations, and
the results of the most stable ones are shown.
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The Gibbs free energies of hydrogen adsorption AG, were obtained by
AGy = E(Au + H) — E(Au) — %E(HZ) + AEzpg — TASy 9)
where E(Au + H) represents the total energy of the gold nanocluster with one adsorbed
H, E (Au) represents the energy of the gold nanocluster without adsorbed H, and E (H;)

represents the energy of one gas phase H> molecule. AEp is the difference in zero point

energy between the adsorbed H and H in the gas phase H> molecule. ASy is the difference
in entropy between the adsorbed H and %gas phase H> molecule.

For charged clusters such as [PtAu24(SR)1s]%*, the energetics was further checked
with the Turbomole program (Version 6.5)*2 without the periodic boundary conditions at
the same DFT-PBE level with the def2-TZVP basis sets’* and a scalar-relativistic
effective-core potential with 60 core electrons was used for Au'®; the difference was
found to be within 0.10 eV. The frontier orbitals were also generated from the Turbomole
program.

In the end, we verified our results of [Au2s(SR)1s]% (9=-1,0,+1) clusters using more
accurate hybrid functionals, namely Heyd—Scuseria—Ernzerhof (HSE)* in VASP and
PBEO in Turbomole. The calculated hydrogen adsorption energies with HSE in VASP
and PBEOQ in Turbomole are shown in Table 2.3 and Table 2.4, respectively. In addition,
the HOMO-LUMO gaps calculated with these two hybrid functionals are listed in Table

2.5. As one can see, these results follow the same trend as the PBE results.
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Table 2.3. Free-electron count (n) of [Auzs(SR)is] , [Auzs(SR)1s]®, and [Auzs(SR)is]™ and their
sequential adsorption energy (eV) for hydrogen calculated with the hybrid functional HSE in
VASP: first, AEn1; second, AEwg; third, AEns. R=CHa.

Cluster n AEn; AEn AEns
[Auzs(SR)1s] 8 -0.85 - -
[Auzs(SR)1s]° 7 -2.19 -0.84 -
[Auzs(SR)1s]* 6 -1.72 -2.06 -1.11

Table 2.4. Free-electron count (n) of [Auxs(SR)1s] , [Auzs(SR)1s]®, and [Auzs(SR)is]™ and their
sequential adsorption energy (eV) for hydrogen calculated with the hybrid functional PBEO in
Turbomole: first, AEns; second, AEy;; third, AEs. R=CHs.

Cluster n AEw: AEw> AEns
[Auzs(SR)1s] 8 -0.89 - -
[Auas(SR)1s]° 7 -2.03 -0.89 -
[Auzs(SR)s]* 6 -1.81 -2.16 -1.19

Table 2.5. HOMO-LUMO gaps of [AUzs(SR)18]_, [AUst(SR)ls]O, and [AuzsH2(SR)1g]* calculated
with the hybrid functionals. R=CHs.

Cluster [AUzs(SR)ls]_ [AU25H(SR)13]O [AUstz(SR)13]+
HSE in VASP 1.73 1.77 1.80
PBEO in Turbomole 2.48 2.49 2.46

2.5 Hydrogen adsorption on a Auz2 nanocluster

DFT calculations with periodic boundary conditions (PBC) were performed by using the
same computational methods as described in 2.4. The initial structure of the Auz. cluster
is form the crystallographic information file provided by the experimental researchers.®

Phenyl groups were replaced by hydrogens for the purpose of simplifying the calculations.
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The frontier orbitals were also generated from the Turbomole program (Version 6.5)2 as
described in 2.4

Periodic DFT calculations at the same level of theory were performed for the Pt(111)
surface. The Pt(111) surface was modeled with four layers of slabs in (4 x 4) lateral cells,
and with 15 A of vacuum along the z-direction. During the structural optimizations, the
top two layers of the slab were allowed to relax together with the adsorbed H.

The differential hydrogen adsorption energy AEy and the differential Gibbs free
energy of hydrogen adsorption AGy were calculated by the same methods as described in

2.1.

2.6 Hz activation on TiO2

Spin-polarized DFT calculations were performed by using the methods as described in
2.1. The on-site Coulomb interaction was included using the DFT+U method described
by Dudarev et al.*® with a Hubbard parameter of U=3.5¢eV for the Ti atoms used in
previous studies.??! The rutile TiO2(110), anatase TiO2(101), and brookite TiO2(210)
surfaces were examined. They were modeled with three-layer-thick slabs with 2 x 2 super
cells. A vacuum of 15 A along the z-direction was employed. The topmost TiO2 layers of
the slabs together with the adsorbates were allowed to relax during the structure
optimizations. The climbing-image nudged elastic band (CI-NEB) method implemented
in VASP was used to determine the energy barriers.?? The transition states were obtained

by relaxing the force below 0.05 eV/A.
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Chapter 3

CoP for Hydrogen Evolution: Implications from Hydrogen Adsorption

Abstract

Cobalt phosphide (CoP) is one of the most promising, earth-abundant electrocatalysts
discovered to date for hydrogen evolution reaction (HER), yet the mechanism is not well
understood. Since hydrogen adsorption is a key factor of HER activity, here we examine
the adsorption of atomic hydrogen on the low-Miller-index surfaces of CoP, including
(111), (110), (100), and (011), by using periodic density functional theory. From the
calculated Gibbs free energy of adsorption, we predict that (111), (110), and (011)
surfaces will have good catalytic activities for HER. From ab initio atomistic
thermodynamics, we find that the stabilities of the surfaces at 1 atm H, and 300 K follow
the trend of (111) > (100) ~ (110) >> (011). On the most stable (111) surface, both Co
bridge sites and P top sites are found to be able to adsorb hydrogen with a close-to-zero
free energy change and the synergy of proximal Co and P atoms on the surface results in
a better HER activity. Our work provides important insights into CoP’s excellent HER
activity and a basis for further mechanistic understanding of HER on CoP and other

transition-metal phosphides.
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3.1 Introduction

Water splitting using renewable energy can provide a sustainable supply of fuel for
future societies with hydrogen as a key energy carrier.! To date, platinum remains the
most efficient electrocatalyst for hydrogen evolution reaction (HER). However, the low
natural abundance and high cost of platinum hamper its wide use at the industrial scale.
Thus, it is highly desirable to develop efficient, low-cost and earth-abundant
electrocatalysts for HER and an enormous amount of research efforts have been devoted
to it over the past decade.

Transition metal phosphides have emerged as alternative materials for HER
electrocatalysts due to their high catalytic activities compared to other non-precious
electrocatalysts and their relatively low costs compared to platinum. For example,
phosphides of nickel,>*2 cobalt,**3® iron,338 copper,® molybdenum,***> and tungsten?®
have been found to electrocatalytically generate hydrogen with low overpotentials at
operationally relevant current densities. In particular, the cobalt phosphide system, which
has been studied extensively, exhibits high HER activities and high stabilities under
strongly acidic conditions across a diverse group of morphologies, characteristic grain
sizes, support materials, and synthetic preparations. Among these systems, multi-faceted
single-crystalline cobalt phosphide (CoP) nanoparticles deposited on a titanium foil
electrode exhibit outstanding activities, with overpotentials of only —70 and —85 mV (at a
loading density of ~ 2mg/cm?) to produce cathodic current densities of —10 and —20

mA/cm?, respectively.!* Despite the exciting experimental results of CoP, the mechanism
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of HER on CoP is not well understood, which is essential for further improving the
activities and stabilities of the HER electrocatalysts.

Two types of possible pathways have been proposed for the mechanism of HER in
acid media: the Volmer—Heyrovsky vs. the Volmer-Tafel mechanism. The Volmer
reaction refers to the initial adsorption of protons from the acid solution to form adsorbed
H (H" + & — Hag).*" In the Volmer—Heyrovsky mechanism, a solvated proton from the
water layer reacts with one adsorbed surface hydrogen to form Hz (Had + H™ + & — Hy),*®
while in the Volmer—Tafel mechanism, two adsorbed surface hydrogens next to each
other react to form an Hz molecule (Had + Haa — H2).*® Thus, good HER electrocatalysts
should be able to attract protons from the solution, while still can desorb H>. Ngrskov and
coworkers have correlated experimental exchange currents with calculated hydrogen
adsorption energies from density functional theory (DFT), where maximum activity is
obtainable when Gibbs free energy of hydrogen adsorption (AGy) is zero.® This is
mainly because lower AGy results in a very strong binding of the atomic hydrogen and
hinders desorption of H, while higher AGy prevents the binding of atomic hydrogen on
the catalyst surfaces. Both of them will slow the reaction. Therefore, AGy is considered
as a good descriptor of HER activity, and good HER electrocatalysts are expected to have
close-to-zero AGy.

To understand HER on CoP in particular and to provide insights and guidelines for
designing transition metal phosphide HER electrocatalysts in general, herein we have
studied in detail the adsorption structures and energetics of atomic hydrogen on several

low-Miller-index surfaces of CoP from first principles DFT. We use the calculated AGy
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to predict the HER activities of the surfaces. We further employ ab initio atomistic
thermodynamics to determine the most stable and active surface of CoP at 1 atm H»

pressure and 300K.

3.2 Results and discussion
We start with the bulk structure of CoP, followed by the clean surfaces including (111),
(110), (100), and (011). We then examine and compare hydrogen adsorption on these

surfaces.

3.2.1 Bulk CoP

Bulk CoP has a B31 or MnP-type structure, with a symmetry group of Pnma. In this
type of structure, each metal atom is surrounded by six phosphorous atoms situated in a
distorted octahedral configuration (Figure 3.1a), while each phosphorous atom is
surrounded by six metal atoms forming a highly distorted triangular prism (Figure 3.1b).
The experimental®® and calculated lattice parameters of bulk CoP are listed in Table 3.1.
One can see that the calculated values are in good agreement with the experimental

values.
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(b)

Figure 3.1. Bulk CoP: (a) Each Co atom is surrounded by six P atoms situated in a distorted octahedral
configuration; (b) each P atom is surrounded by six Co atoms at the corners of a highly distorted triangular
prism. Co, green; P, red.

Table 3.1. Comparison of experimental® and calculated lattice parameters of the bulk CoP.

Lattice Parameter a(A) b (A) c(A)
Experimental 5.077 3.281 5.587
Calculated 5.070 3.265 5.545

3.2.2 Clean Surfaces

Low Miller-index surfaces are usually considered first in surface science studies due
to their higher stabilities than higher index surfaces. We consider here four such surfaces:
(111), (110), (100), and (011). Figure 3.2 shows the structures of these clean CoP
surfaces and Table 3.2 shows their calculated surface energies. One can see that the
stabilities of the clean surfaces in vacuum follow the trend of (011) > (110) > (111) >
(100). In general, surfaces with higher atom packing densities are expected to have higher

stabilities. Here, we find that the surface packing densities of (011), (110), (111), and
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(100) are 25 atom/nm?, 24 atom/nm?, 24 atom/nm?, and 22 atom/nm?, respectively, which
indeed confirms the highest stability of the (011) surface and the lowest stability of the
(100) surface. To learn the electronic structure of these surfaces, their electronic density
of states (DOS) have been calculated. As shown in Figure 3.3, they are all metallic and
have non-zero DOS at the Fermi level. Being the most stable one, the (011) surface also

has the lowest DOS at the Fermi level.

Figure 3.2. Top views of clean CoP surfaces. Co, green; P, red.
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Table 3.2. Calculated surface energies of clean CoP surfaces.

CoP(111) CoP(110) CoP(100) CoP(011)
Surface Energy (meV/A2) 140.4 117.0 151.0 70.4
CoP(111) CoP(110)
200 A —— Total (up) 200 —— Total (up)
—— Total (dn) —— Total (dn)
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Figure 3.3. Spin-polarized total electronic density of states (DOS) of clean CoP surfaces. The Fermi level
(dashed line) is set as zero.
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3.2.3 Hydrogen Adsorption on the CoP(111) surface

As mentioned in the Introduction, AGy is considered as a descriptor of HER activity,
and good HER electrocatalysts should have close-to-zero AGy . We next show the
structures and AGy of H adsorption on the four CoP surfaces. Figure 3.4 shows the
calculated AGy and AEy for CoP(111) at different hydrogen coverages (here 100%
coverage = 11 H-atom/nm?). AG is more positive than AE, because AS is negative when
referencing to the H. state and the TAS term is roughly constant at -0.18 eV across the
coverage range. One can see that AGy is close-to-zero for 25% ~ 75% hydrogen coverage,
indicating that the (111) surface will have good catalytic activity for HER at this
coverage range. This supports the previous experimental finding that CoP nanostructures
exposing predominately (111) surface have high HER activities.?®> The other interesting
finding of H adsorption on CoP(111) is that AG, shows a zigzag pattern with H coverage

from 25% to 75%, which closely correlates with the adsorption sites, as discussed next.
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Figure 3.4. Differential adsorption energy (AEy) and adsorption free energy (AGy ) as a function of
hydrogen coverage on CoP(111).

Figure 3.5. Optimized structures of CoP(111) at different H coverages: (a) 25%; (b) 50%; (c) 75%; (d)
100%. 100% coverage = 11 H-atom/nm?. H, blue; Co, green; P, red.
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Figure 3.5 shows the optimized structures of CoP(111) with different hydrogen
coverages. We find four types of stable hydrogen adsorption sites on CoP(111). For the
first 25% hydrogen atoms, they are strongly adsorbed at cobalt bridge sites. During 25%
~ 75% hydrogen coverage, there is an alternative adsorption between cobalt bridge sites
and phosphorous top sites, leading to a zigzagged AG, with a small fluctuation. More
important, AGy is close-to-zero during this range, so both cobalt bridge sites and
phosphorous top sites could be the active sites for HER on the (111) surface. For the 75%
to 100% coverage, the extra hydrogen atoms are adsorbed at cobalt top sites, leading to

more than one hydrogen atoms on some cobalt atoms.

The “zigzag” pattern between 25% and 75% hydrogen coverage suggests a synergy
between proximal cobalt and phosphorous sites in adsorbing H atoms, conductive to HER.
To understand this behavior, Table 3.3 shows differential hydrogen adsorption energies
(AEy) at the phosphorous top site at 0% and 31% hydrogen coverages. One can see that
when there is no hydrogen adsorbed on Co (0%), the interaction of H with P is weak but
when there are hydrogens already adsorbed on Co (31%), the H-P interaction becomes
stronger. In other words, hydrogen adsorption at Co facilitates hydrogen adsorption at P.
We found that this is due to the weakening of the Co-P bond induced by hydrogen
adsorption on Co, as evidenced by the increasing Co-P bond length, which results in less
negative charge on P and stronger H-P covalent bonding. This synergy between Co and P

for adsorbing H, as shown in Scheme 1, could be a key to CoP’s high HER activity.
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Table 3.3. Differential hydrogen adsorption energies (AEy) at the P site, Co-P bond length (rcor),
and charges on P (Pcharge) at 0% and 31% hydrogen coverages.

Hydrogen Coverage 0% 31%
AEy (eV) -0.10 -0.30
reop (A) 2.125 2.197
-0.257(Bader), -0.213(Bader),
Peharge (l€]) -0.308(REPEAT) -0.266(REPEAT)
Low coverage H Medium coverage H
; I
v
] PALIN

Scheme 1 The synergy between Co and P on CoP(111) in adsorbing H at medium coverage.

To evaluate the most stable coverage of H on CoP(111) at the experimental HER
conditions (1 atm H> and 300 K), we used ab initio atomistic thermodynamics to
determine AG?? (T, p) as a function of hydrogen chemical potential (Apg) or pressure at
T=300K. Figure 3.6 shows the calculated AG%* (T,p) vs. Apy relationship: each line
represents a given H coverage. One can see that at extremely low hydrogen pressure,
clean surface is the most stable, while at very high hydrogen pressure, 100% hydrogen
coverage is the most stable (Figure 3.6a). At ambient pressures, Figure 3.6b shows that
75% hydrogen coverage is the most stable with AG*¢ = -19.53 meV/A? at 1 atm. At this
coverage, both Co and P sites adsorb H.
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Figure 3.6. Gibbs free energy of adsorption (AG%%) at 300K as a function of hydrogen chemical potential
(Apgy) or Hy pressure for CoP(111) with different hydrogen coverages: (a) Apy from -1.5 to 0 eV; (b) Apy
from-0.3t0 -0.1eV.

3.2.4 Hydrogen Adsorption on the CoP(110) surface.

Figure 3.7 shows AGy and AEy for the CoP(110) surface at different hydrogen
coverages (100% coverage = 12 H-atom/nm?). For a favorable adsorption (AGy < 0), we
found that AGy is close to zero when hydrogen coverage is in the range of 25% ~ 50%
(AGy ~ -0.10 eV). When hydrogen coverage is above 50%, AGy, is slightly positive but
also close to zero. Figure 3.7 suggests that the CoP(110) surface can also be good for
HER activity for a large range of H coverage. Figure 3.8 shows the optimized structures
of CoP(110) at different hydrogen coverages. From 0% to 100% coverage, hydrogen
atoms occupy cobalt bridge sites, phosphorous top sites, cobalt top sites, and another kind
of cobalt top sites successively. Figure 3.9 plots AG%? as a function of Ay for CoP(110)

at different hydrogen coverages. One can see that 50% hydrogen coverage is the most
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stable at 1 atm and 300 K with AG*® = -13.37 meV/A2. At this coverage, Figure 3.7 and

3.8 suggest that both the P and Co top sites are most likely to be active for HER.

0.2

—— AGH

Differential Adsorption Energy (eV)

—— AEH

_06 T T T T T T T T T T
0 20 40 60 80 100
Hydrogen Coverage (%)

Figure 3.7. Differential adsorption energy (AEy) and adsorption free energy (AG, ) as a function of
hydrogen coverage on CoP(110).
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Figure 3.8. Optimized structures of CoP(110) at different H coverages: (a) 25%; (b) 50%; (c) 75%; (d)
100%. 100% coverage = 12 H-atom/nm?. H, blue; Co, green; P, red.
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Figure 3.9. Gibbs free energy of adsorption (AG4) at 300K as a function of hydrogen chemical potential
(Apgy) or Hy pressure for CoP(110) with different hydrogen coverages: (a) Apy from -1.5 to 0 eV; (b) Apy
from -0.3t0 -0.1eV.
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3.2.5 Hydrogen Adsorption on the CoP(100) surface

Figure 3.10a shows AGy and AE} for CoP(100) at different hydrogen coverages. One
can see that there is no H coverage where AGy ~ 0, so CoP(100) is not likely to be good
for HER. Figure 3.11 shows the optimized structures of CoP(100) with different
hydrogen coverages. We find two types of stable hydrogen adsorption sites on CoP(100):
cobalt bridge sites for the first 33% hydrogen atoms and cobalt top sites for the following
67% hydrogen atoms. Unlike (111) and (110) surfaces, only cobalt atoms adsorb
hydrogen on the (100) surface. This might be the reason why we do not find AGy ~ 0 on

CoP(100). Figure 3.10b plots AG% as a function of Apy for CoP(100) and we find that

33% hydrogen coverage is the most stable at 1 atm and 300 K with AG®*¢ = -13.56

meV/AZ.
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Figure 3.10. (a) Differential adsorption energy (AEy) and adsorption free energy (AG, ) as a function of
hydrogen coverage on CoP(100). (b) Plots of the calculated Gibbs free energy of adsorption (AG%?) at
300K as a function of hydrogen chemical potential (Apy) for CoP (100) surface with different hydrogen
coverages.

Figure 3.11. Optimized structures of CoP(100) at different H coverages: (a) 33%; (b) 67%; (c) 100%. 100%
coverage = 8 H-atom/nm?. H, blue; Co, green; P, red.

38



3.2.6 Hydrogen Adsorption on the CoP(011) surface

Figure 3.12a shows AGy and AE for CoP(011) at different hydrogen coverages. One
can see that the adsorption of H on CoP(011) is in general much weaker than on the other
three surfaces. On the other hand, this leads to a quite large range of H coverages from 0
to 50% where AGy ~ 0, indicating that CoP(011) may have good activity for HER. Figure
3.13 shows the optimized structures of CoP(011) surface at different hydrogen coverages.
We find two types of stable hydrogen adsorption sites on CoP(011). The first 50%
coverage of hydrogen atoms prefer phosphorous top sites with AGy ~ 0, so phosphorous
top sites could be the active sites for HER on the (011) surface. This is in agreement with
a recent study.® The last 50% coverage of hydrogen atoms occupy cobalt bridge sites.
Figure 3.12b plots AG%? as a function of Apy, for CoP(011) at different hydrogen
coverages. One can see that 25% hydrogen coverage is the most stable phase at 1 atm and
300 K with AG*® ~ 0 meV/A?2, while the clean surface is only slightly higher in energy.

This again agrees with the fact that the adsorption of H on CoP(011) is rather weak.
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3.2.7 Comparison of (111), (110), (100), and (011) surfaces of CoP

Now that we have studied hydrogen adsorption on the four low Miller-index surfaces
of CoP, we can compare them together in terms of stability and HER activity. Using
AGy ~ 0 as a criterion, we predict that (111), (110), and (011) surfaces of CoP should
have good catalytic activities for HER, while (100) should not. Taking into account ab
initio atomistic thermodynamics, Table 3.4 shows the comparison of AG*¢ at 1 atm H;
and 300K for the most stable coverage of each surface. One can see that CoP(111) has
the most negative AG** followed by (100) and (110), while (011) has a close-to-zero
AG*. In other words, at the reaction conditions, the stability trend is (111) > (100) ~
(110) >> (011). From this perspective, we think that the CoP(111) surface is the most

promising facet for high-activity HER.

Table 3.4. Hydrogen adsorption free energies (AG%?) at latm and 300K of the most stable
coverage for each CoP surface.

CoP(111) CoP(110) CoP(100) CoP(011)

AG (meV/A2) -19.53 -13.37 -13.56 -0.08

Our present DFT study of the adsorption of atomic hydrogen on the low-Miller-index
surfaces of CoP, including (111), (110), (100), and (011), presents several interesting
implications. First, CoP nanostructures that expose different crystal facets would be
expected to exhibit different activities for HER catalysis. From our calculated AGy , we

predict that (111), (110), and (011) surfaces of CoP will have good catalytic activities for
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HER. So experimental researchers could prepare highly branched nanostructures that
expose a high density of these surfaces. Second, both Co and P on the surfaces play
important roles in catalyzing HER. Particularly, on (111) surface, both Co bridge sites
and P top sites are found to be able to adsorb hydrogen with a close-to-zero free energy
change, indicating that the synergy of proximal Co and P atoms on the surface can result
in a better HER activity. Third, hydrogen coverage, pressure, and temperature all have
effects on the stabilities of the surfaces. We find that the stabilities of the clean surfaces
in vacuum are different from the stabilities at 1 atm H> and 300K. The stabilities of the
clean surfaces in vacuum follow the trend of (011) > (110) > (111) > (100), while the
stabilities of the surfaces at 1 atm H> and 300K follow the trend of (111) > (100) ~
(110) >> (011). This suggests that if one purposefully prepares the catalyst with the (111)
facet, then the catalyst is likely to have a longer lifetime given its high stability during the
reaction conditions, while the (011) surface might transform to other more stable surfaces
under reaction conditions. Last but not the least, 75% coverage of hydrogen on CoP(111)
would be very helpful for the Volmer-Tafel mechanism, as higher surface coverage
would be good for two adsorbed hydrogens next to each other to react and form an H»
molecule. Likewise, the 25% coverage of optimal adsorption on CoP(011) would likely
favor the Volmer-Heyrovsky mechanism, in which a solvated proton from the water layer
reacts with one adsorbed surface hydrogen to form Ha. This will be a prelude to our full
kinetic study of HER on CoP surfaces in the future, as we recently did for HER on

Mo0S,.52
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3.3 Conclusions

To shed light on the activity of hydrogen evolution reaction (HER) on CoP, we have
studied the adsorption of atomic hydrogen on the low-Miller-index surfaces of CoP,
including (111), (110), (100), and (011), by using periodic DFT. From the calculated
AGy , we predict that (111), (110), and (011) surfaces will have good catalytic activities
for HER. From ab initio atomistic thermodynamics, we find that the stabilities of the
surfaces at 1 atm H, and 300K follow the trend of (111) > (100) ~ (110) >> (011). So
combining AGy and stability, we conclude that the (111) surface of CoP is the most
promising facet for high and long-lived HER activity. The key feature of hydrogen
adsorption on the (111) is that both Co bridge sites and P top sites are able to adsorb
hydrogen with a close-to-zero free energy change and that there is a synergy of proximal
Co and P atoms on the CoP(111) surface in adsorbing hydrogen. These insights open a

door for further mechanistic understanding of HER on CoP and other phosphides.
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Chapter 4

Interface Engineering of Earth-Abundant Transition Metals by Boron

Nitride for Selective Electroreduction of CO2

Abstract

Two-dimensional atomically thin hexagonal boron nitride (h-BN) monolayer has
attracted considerable research interest. Given the tremendous progress in the synthesis of
h-BN monolayers on transition metals and their potential as electrocatalysts, we
investigate the electrocatalytic activities of h-BN/Ni, h-BN/Co, and h-BN/Cu interfaces
for COz reduction by first-principles density functional theory. We find that with the h-
BN monolayer on the metal, electrons transfer from the metal to the interface and
accumulate under the B atoms. By calculating the binding energies of three key
intermediates (H, HCOO, and COOH) for hydrogen evolution and CO; reduction, we
find that H binding on the metal can be significantly weakened by the h-BN monolayer,
preventing the hydrogen-evolution reaction (HER). But the binding strength of HCOO is
strong on both the metal and h-BN/metal, especially for Ni and Co, promoting the CO>
reduction channel. Based on the free-energy diagrams, we predict that h-BN/Ni and h-
BN/Co can be very good electrocatalysts for CO> reduction to HCOOH while the
competitive HER channel is filtered out by the surface h-BN monolayer. Our study opens
a new way for selective electroreduction of CO: via the interface engineering of the h-
BN/metal system.
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4.1 Introduction
Hexagonal boron nitride (h-BN) has been employed in a variety of applications due to its
excellent properties like high thermal conductivity, chemical stability, refractory nature,
high electrical resistivity, and lubricity.** Like graphene, h-BN monolayer as a two-
dimensional atomically thin material has recently attracted considerable attention.>® The
structural similarity of graphene and h-BN makes h-BN monolayer a promising substrate
for graphene electronics.'®** Furthermore, h-BN monolayers have been widely used as
templates to support, decouple, and assemble individual adsorbates or nanostructures.*>%°
Monolayers of h-BN can be successfully grown on various transition metals by
chemical vapor deposition (CVD) and subsequent chemical reactions.?>% Depending on
the lattice mismatch and interaction strength between h-BN and the metal, a variety of
morphologies have been achieved such as uniform commensurate layer on Ni(111),26-%’
Moiré pattern on Pd(111),%8 strongly corrugated nanomesh topology on Rh(111),*® and
one-dimensional superstructure on Fe(110).2° Usually, a large lattice mismatch combined
with strong h-BN/metal interaction causes considerable geometric corrugations. Despite
the extensive experimental studies on the synthesis of h-BN monolayers on transition
metals, the application of such interface materials is still in its infancy but shows great
promise.3>3% For example, Taketsugu and coworkers reported the oxygen reduction
reaction (ORR) activity of h-BN monolayer supported on Au, from a combined
experimental and theoretical effort.3! Recently, Mao, et al. investigated the chemisorption
of O2 molecule on h-BN monolayers supported on Ni, Co, and Cu from first-principles

calculations.®®
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Previous studies show that commensurate h-BN monolayer can be formed only on
Ni(111), Co(0001), and Cu(111) which have the smallest lattice mismatch (< 2.3%) with
h-BN.*¢3" Ni, Co, and Cu are all earth-abundant transition metals, and numerous
researchers have studied the electrochemical reduction of CO. at these metal
electrodes.32 It is found that Ni and Co do not possess strong activity in CO2 reduction.
On the contrary, they mainly produce H.. Cu is unique in its ability to produce
hydrocarbon fuels from CO2 reduction at high overpotentials. At low overpotentials, Hz is
the main product instead.*® Since CO, reduction competes with hydrogen evolution
reaction (HER) at all negative potentials, a key criterion for selective catalysts in CO>
reduction is the avoidance of HER in the presence of CO,.*

The tremendous progress in the synthesis of h-BN monolayers on transition metals
and their potential as electrocatalysts to overcome BN’s poor electronic conductivity
prompted us to investigate the activities of h-BN/Ni, h-BN/Co, and h-BN/Cu toward
electrochemical CO- reduction by first-principles density functional theory (DFT). We
first examine the geometry and electronic structures of h-BN/Ni, h-BN/Co, and h-BN/Cu.
Then, we compute the binding energies of key intermediates during HER and CO>
reduction on the three different systems: (a) unsupported h-BN monolayer; (b) the metal
surfaces, Ni(111), Co(0001), and Cu(111); (c) the h-BN/metal composite. Next, we
employ the computational hydrogen electrode model* to evaluate the free energy
diagrams for the hydrogen evolution and CO: reduction reactions as well as their

competition on these materials.
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4.2 Results and discussion

4.2.1 Geometry and electronic structures of h-BN/Ni, h-BN/Co, and h-BN/Cu. In
agreement with previous theoretical and experimental studies, we found that the most
stable configuration of h-BN on the three metal surfaces has N on top of the metal and B
on the fcc hollow site (Figure 4.1 top) from our DFT-PBE-D3 geometry optimizations.®-
37 All the subsequent calculations are carried out with this configuration. The distances
between h-BN and the metal top layers are 2.18 A, 2.14 A, and 3.02 A for Ni, Co, and Cu,
respectively. From the side view of the structures (Figure 4.1 bottom), one can see that
the interfacial interaction is the weakest for Cu, which is reflected in the interfacial
binding energy per BN unit: -0.25 eV on Ni, -0.34 eV on Co, and -0.16 eV on Cu. From
the plots of the charge density difference (Figure 4.1 bottom), one can clearly see that
electrons migrate to the interfacial region and accumulate mainly below the electron-
deficient B atoms. It is expected that the electrons at the interface will play important

roles in electrocatalysis.
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h-BN/Ni(111) h-BN/Co(0001) h-BN/Cu(111)

Figure 4.1. Top view (upper panel) and side view (lower panel) of the optimized structures for h-
BN/Ni(111), h-BN/Co(0001), and h-BN/Cu(111). In the side view, isosurface plots of the charge density
difference are also shown. The charge accumulation region is in red and the charge depletion region is in
green. The isosurface value for h-BN/Ni(111) and h-BN/Co(0001) is 0.004 eV/A3, while for h-BN/Cu(111)
it is 0.0006 eV/A3. B, yellow; N, blue; Ni, green; Co, magenta; Cu, orange.

4.2.2 Adsorption of key intermediates on h-BN/Ni, h-BN/Co, and h-BN/Cu.
To understand the electrocatalytic activities of h-BN/Ni, h-BN/Co, and h-BN/Cu toward
CO2 reduction, we first examine the binding energies of three key intermediates (*H,
*HCOO, and *COOH). *H is the only intermediate during HER (* + H" + e > *H; *H
+H"+e - Hyor *H + *H - Hy), and the free energy of H adsorption has been used as
a descriptor for HER activity.*® The first protonation of CO2 can proceed via two
channels: (i) at the C atom to form *HCOO (* + CO2 + H" + ¢ > *HCOOQ), then to
HCOOH (*HCOO + H" +e - HCOOH); (ii) at the O atom to form *COOH (* + CO, +
H* + ¢~ = *COOH), then to CO and H,O (*COOH + H* + e~ = *CO + H.0).*

Figure 4.2 shows the binding energies of H, HCOO, and COOH on the h-BN

monolayer, Ni(111) surface, and h-BN/Ni(111). One can see that they are all very
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positive on h-BN, indicating that the h-BN monolayer itself is very inert and the
adsorption is highly unfavorable. On the contrary, Ni(111) has strong interaction with the
three intermediates, especially HCOO. Interestingly, h-BN/Ni(111) displays a very
different trend from either h-BN or Ni(111). The comparison with Ni(111) is especially
interesting: the binding of H and COOH is greatly reduced on h-BN/Ni(111) than on
Ni(111), while the strong binding of HCOO is only affected slightly. This change in
binding will have a profound impact on the selectivity of CO; reduction vs. HER as we
will examine below. In addition, we compared the binding energies of CO. and H>O on h-
BN, Ni, and h-BN/Ni in Table 4.1. One can see that CO2 has a slightly favorable
interaction with all three surfaces at a similar strength, while H>O adsorption is much

more stronger on Ni(111) than on h-BN or h-BN/Ni(111).

Table 4.1. Binding energies (eV) of COzand H,O on h-BN, Ni(111), and h-BN/Ni(111).

h-BN Ni(111) h-BN/Ni(111)
CO; -0.17 -0.22 -0.23
H.0 -0.12 -0.52 -0.16
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Binding energy (eV)

-0.97 -0.9

Figure 4.2. Binding energies (eV) of H, HCOO, and COOH on the h-BN monolayer, Ni(111), and h-
BN/Ni(111).

The optimized geometry structures for H, HCOO, and COOH on h-BN, Ni(111),
and h-BN/Ni(111) are shown in Figure 4.3. On the unsupported h-BN monolayer, H is
bonded to B with a distance of 1.370 A, while HCOO and COOH are more than 2 A
away from the surface. On Ni(111), H is at the fcc hollow site with H-Ni distance of
1.710 A; HCOO is bonded to two Ni atoms through two O atoms (O-Ni distance:
1.963A), and COOH is bridged between two Ni atoms through C and O atoms (C-Ni:
1.859 A; 0-Ni:2.032 A). On h-BN/Ni(111), all three intermediates interact with the B
atoms: 1.232 A H-B bond for H, 1.657 A O-B bond for HCOO, and 1.654 A C-B hond
for COOH. From Figure 4.1, we know that electronic charges are transferred from Ni to
B in h-BN/Ni(111). These extra electrons can provide the valence for adsorbing the

intermediates. Our analysis of the Bader charges of the adsorbates on h-BN/Ni(111)
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support this explanation: we found that there is -0.451|e| on H, -0.706|e| on HCOO, and -

0.543|e| on COOH.

H HCOO COOH
oA -
®
h-BN = > & {9n (4O (D= (= © (D= (B B

Figure 4.3. Optimized geometry structures for H, HCOO, and COOH on the h-BN monolayer, Ni(111), and
h-BN/Ni(111). Only the topmost layer of Ni is shown. B, yellow; N, blue; Ni, green; H, purple; C, grey; O,
red.
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Figure 4.4. Isosurface plot of the charge density difference for HCOO adsorption on h-BN/Ni(111). The
charge accumulation region is in red and the charge depletion region is in green. The isosurface value is
0.004 eV/A3. B, yellow; N, blue; Ni, green; H, purple; C, grey; O, red.

In order to further understand the mechanism of HCOO adsorption on h-
BN/Ni(111), we plotted the charge density difference for HCOO adsorption on h-
BN/Ni(111). As shown in Figure 4.4, there is a significant electron transfer from mainly
the B atoms (and slightly the subsurface Ni atoms) to the O atoms of the HCOO
intermediate and along the B-O bonds on the h-BN surface. In other words, the electrons
accumulated on the B atoms of h-BN from the Ni substrate (Figure 4.1) are now used to
promote adsorption of the HCOO intermediate on the surface.

We further analyzed the local density of states for the HCOO intermediate
adsorbed on the unsupported h-BN and the h-BN/Ni surface. First, one can see that due to
the charge transfer from the metal substrate, the Ni-supported h-BN becomes slightly
metallic (Figure 4.5b), in contrast with the wide gap in the unsupported h-BN (Figure

4.5a). Second, the 2p orbitals of B atoms in h-BN are much better hybridized with the 2p
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orbitals of O atoms in HCOO on h-BN/Ni (Figure 4.5b) than on h-BN alone (Figure 4.5a).
So the Ni metal promotes HCOO adsorption on BN by charge transfer to BN, particularly
to the B atoms (Figure 4.1) that then bond via their 2p orbitals to the O 2p orbitals of

HCOO.
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Figure 4.5. Local density of states (DOS) of the HCOO intermediate: (a) on the unsupported h-BN; (b) on
h-BN/Ni.

Figure 4.3 shows that the favored intermediate on h-BN/Ni(111) is the one that
preferentially binds via O (HCOO), rather than via C (COOH). The key reason for this
selectivity is the difference in electronegativity between C (2.55) and O (3.44). Because
B (2.04) is electron-deficient, a more electronegative element such as O can pull more
electrons away from B than C does, thereby forming a stronger bond. This reasoning is in
agreement with the Bader charge analysis after adsorption: there is more electron transfer
from the h-BN/Ni(111) surface to the HCOO intermediate via the surface B-O bonds (-
0.706|e|) than to the COOH intermediate via the surface B-C bond (-0.543|e|). In addition,

the difference between the two types of bonds is well reflected in the gas-phase bond
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strengths which are 8.38 eV for B-O and 4.64 eV for B-C.* Hence the preference of B to
bond with O than with C also manifests on the h-BN/Ni(111) surface, though to a less
extent. The theoretical study of O, adsorption and reaction on h-BN/metal surfaces by
Mao, et al.*® further confirmed that the h-BN/metal interfaces would be very beneficial
for oxygen-involved catalysis, such as CO: reduction, oxygen reduction, and
deoxygenation.

Table 4.2 shows the binding energies of H, HCOO, and COOH on Co(0001), h-
BN/Co(0001), Cu(111), and h-BN/Cu(111). The interfacial structure and bonding of h-
BN/Ni(111) and h-BN/Co(0001) are very similar (Figure 4.1), so we found that their
binding energies for H, HCOO, and COOH also have the same trend, in comparison with
those on h-BN and the metal. The interfacial interaction of h-BN/Cu(111) is much
weaker, so the electronic structure of h-BN on Cu(111) is less perturbed; in this case,
both H and COOH adsorptions are still quite unfavorable, while HCOO is favorable but
not very strong. Figure 4.6 shows the optimized geometry structures for H, HCOO, and

COOH on Co(0001), h-BN/Co(0001), Cu(111), and h-BN/Cu(111).

Table 4.2. Binding energies (eV) of H, HCOO, and COOH on Co(0001), h-BN/Co(0001),
Cu(111), and h-BN/Cu(111).

H HCOO COOH
Co(0001) -0.65 -1.04 -0.57
h-BN/Co(0001) 0.28 -0.77 -0.05
Cu(111) -0.33 -0.76 0.01
h-BN/Cu(111) 0.74 -0.35 0.42
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Figure 4.6. Optimized geometry structures for H, HCOO, and COOH on Co(0001), h-BN/Co(0001),
Cu(111), and h-BN/Cu(111). Only the topmost layer of the metal is shown. B, yellow; N, blue; Co,
magenta; Cu, orange; H, purple; C, grey; O, red.
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4.2.3 Electrocatalytic activities of h-BN/Ni, h-BN/Co, and h-BN/Cu for CO:2
reduction.

The distinct difference in binding energies among H, HCOO, and COOH due to the
presence of the h-BN on the metal and the interfacial electron transfer suggests that the h-
BN/metal systems can be used as electrocatalysts to control the selectivity of CO;
reduction and the competition against HER. To test this idea, we calculated the free-
energy profiles for the formation of H2, HCOOH, and CO on both the pure metal and the

h-BN/metal system. Figure 4.7 shows the free energy diagrams for Ni(111) and h-
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BN/Ni(111). As one can see, on the Ni(111) surface, formation of H. (rather than
HCOOH or CO) is the most favorable pathway, which is in agreement with the
experimental observations.®3° On h-BN/Ni(111), formation of HCOOH becomes more
favorable, because the competitive process of HER is filtered out by the h-BN layer due
to the weak binding of H. Therefore, in contrast to Ni, h-BN/Ni can be a very good
electrocatalyst for selective CO> reduction to HCOOH.

The free-energy changes in Figure 4.7 indicate that CO> reduction to HCOOH is
preferred than HER on h-BN/Ni. To confirm that this is also the case kinetically, we have
computed the activation energies for the elementary electrochemical reduction steps. We
used an explicit solvation model of proton in a water cluster for the CO> reduction to
HCOOH step. The activation energy was found to be 0.09 eV for CO2 to HCOO, and the
subsequent step of HCOO to HCOOH was also found to have a small barrier of about
0.10 eV. (We note that similar magnitude of activation energies was found for
electrochemical proton reduction of O, to OOH and OH to H,O on Pt.#*%) Since the
reaction free-energy itself for the first HER step is already at 0.50 eV, the much smaller
activation energies for CO> reduction to HCOOH hence confirmed the selectivity of CO-

reduction over HER on the h-BN/Ni surface.
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Figure 4.7. Calculated free energy diagrams for the reaction pathways to CO (blue), HCOOH (red), and H-
(black) on Ni(111) (left) and h-BN/Ni(111) (right).

The free energy diagrams for h-BN/Co and h-BN/Cu are shown in Figure 4.8 and
Figure 4.9, respectively. We found that HER on Co can be also suppressed by the h-BN
layer, making h-BN/Co a good catalyst for CO reduction to HCOOH as well. However,
h-BN/Cu is not as promising as h-BN/Co or h-BN/Ni for CO; reduction, despite that the
HER activity is also highly suppressed. As shown in Figure 4.9, the free energy change
(AG) of the potential-limiting step for the formation of HCOOH on h-BN/Cu is quite
positive (0.57 eV) due to the weak binding of HCOO, while that for the formation of CO
is even higher (1.35 eV). This can be attributed to the weak interaction between h-BN

and Cu.
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4.3 Implications.

The results presented in the current work will have a broad impact. First, we show that
the chemically inert h-BN monolayer can be used as an electrocatalyst for CO> reduction
when combined with a suitable transition metal. This will bring new opportunities to the
application of h-BN in the area of catalysis. Second, we develop an environmental-
friendly catalyst for the electrochemical CO. reduction to HCOOH. Electrochemical CO>
reduction has attracted great attention recently, since it can not only produce useful fuels
but also low the atmospheric level of CO2. Although catalysts such as Pb, Hg, In, and Sn
are also able to promote CO: reduction to HCOOH,®% 42 they are highly toxic,
expensive, or both. Last but not the least, our results suggest a new method to control
reaction selectivity via interface engineering with the h-BN monolayer.

The present work focuses on a perfect h-BN monolayer on different transition
metals. We note that the selectivity can be dramatically changed if the h-BN layer is not
perfect but contains defects and/or edges. In fact, it has been shown that the BN
nanosheet on gold is highly active for HER due to the edge sites.®® So it would be
interesting to find out how the defects and edges impact the h-BN/metal catalyst’s

selectivity for CO2 reduction vs. HER. Further studies are warranted.

4.4 Conclusions
In summary, we have investigated the interfacial materials of the h-BN monolayer
supported on transition metals including Co, Ni, and Cu as well as their electrocatalytic

activities for CO- reduction from first principles. We found that electron transfer from the
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metal to h-BN led to a unique chemical reactivity of the h-BN/metal interface for the key
intermediates during hydrogen evolution and CO reduction. Namely, H adsorption is
greatly reduced on the h-BN/metal surface, while HCOO adsorption is only slightly
affected, in comparison with adsorption on the pure metal surface. This differential
adsorption led to selectivity control for electroreduction of CO.. The calculated free
energy profiles showed that h-BN/Ni and h-BN/Co can be very good electrocatalysts for
CO2 reduction to HCOOH by avoiding HER. This work demonstrates the great potential
of tuning the chemical reactivity of a metal surface by interfacing the h-BN monolayer

for selectivity control in electrocatalysis.
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Chapter 5

Beyond the Staple Motif: New Order at the Thiolate-gold Interface

Abstract

Staple motifs in the form of -RS(AUSR)x- (x=1, 2, 3, etc.) are the most common structural
feature at the interface of the thiolate-protected gold nanoclusters, Aun(SR)m. However,
the recently solved structure of Aug2(SR)a4, in which the facets of the Auss core are
protected mainly by the bridging thiolates, challenges the staple hypothesis. Herein we
explore the surface sensitivity of the thiolate-gold interface from first principles density
functional theory. We find that the interfacial structures of thiolates on gold are surface
sensitive: while the staple motif (such as -RS-Au-SR-) is preferred on Au(111), the
bridging motif (-RS-) is preferred on Au(100) and Au(110). We show that this surface
sensitivity is closely related to the coordination number of the surface Au atom on the
different surfaces. To confirm the bridging motif is preferred on Au(100), we study self-
assembled monolayers on Au(100) with two different ligands (the simple ligand
methylthiolate and the experimental ligand 4-tert-butylbenzenethiolate). With this surface
sensitivity, we categorize the structure-known Aun(SR)m clusters into three groups: (1) no
bridging; (2) ambiguous bridging; (3) distinct bridging. We further employ the surface
sensitivity of the thiolate-Au interface to predict the protecting motifs of face-centered

cubic (fcc) gold nanoparticles of different shapes. Our study provides a unifying view of
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the Aun(SR)m structures with guidelines for structure predictions of larger Aun(SR)m

clusters of a fcc core.

5.1 Introduction

Thiolate-protected gold nanoclusters in the formula of Aun(SR)m have received
considerable attention over the past decade owing to their unique structures and
physicochemical properties that are not seen in the larger gold nanoparticles or bulk
gold.**® Their potential applications range from catalysis to bioimaging and protein
labeling.1*'® To date, total structures of about 20 such clusters ranging from
Auis(SCsH11)14 to Auiss(SPh-p-'Bu)s2 have been successfully solved via single-crystal X-
ray crystallography.t’-® Structure determinations of these clusters provide profound
insights into the thiolate-gold interface and bonding, which are key to the formation and
stability of the thiolate-protected gold nanoclusters. Among these clusters, Auio2(SPh-p-
COOH)44 was the first one crystallized and characterized; the 44 thiolate groups of the
cluster form 19 RS-Au-SR motifs and 2 RS-Au-SR-Au-SR motifs on the cluster surface,
which were termed the staple motif.3> Similar RS-Au-SR motifs were also found in self-
assembled monolayers (SAMs) on Au(111) with both experimental and theoretical
studies.®>*! These reports highlight the importance of the staple motifs at the thiolate-
gold interface; it was hence hypothesized that the staple motifs are preferred at the
thiolate-gold interface than the isolated or bridging thiolate (-RS-) group.
Computationally, the preference of the staple motif over the bridging thiolate was

demonstrated on Au(111) and small gold nanoclusters such as Auzs.*?
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The staple hypothesis has been successfully applied to predict structures for
Aun(SR)m clusters of known compositions and confirmed in subsequently reported
structures. For example, Akola et al. proposed a structure model for Auzs(SR)1s7,*® in
which an icosahedral Auis-core is protected by 6 dimeric staple motifs, which was
confirmed independently by two experimental research groups.?2® Likewise, Pei et al.
and Aikens et al. have predicted the structure of Auss(SR)24 to have a face-fused bi-
icosahedral Auzs core protected by six dimeric and three monomeric staple motifs,*-4°
which was again confirmed in the experimental crystal structure.®

As the dominance of the staple motif began to take root in our thinking of the
thiolate-gold interface, the line between the staple motif and the bridging thiolate has
become blurred in some reported structures, including Auss(SPh-p-'Bu)2s, Auzs(SPh-p-
'Bu)zo, and [Auzs(S-c-CeHi1)16]". For example, the structure of Auss(SPh-p-'Bu)24 can be
viewed to have an fcc Auzs kernel protected by 4 dimeric staple motifs on 4 Au(111)
facets and 12 bridging motifs on 6 Au(100) facets, or alternatively, as a Auxo kernel
protected by 4 “regular” dimeric staple motifs and additional 4 “distorted” dimeric staple
motifs.3® 46 Likewise, this ambiguity is also manifested in [Auzs(S-c-CeHi1)16]” and
Auzs(SPh-p-Bu)20.*” Due to this duality in viewing the gold-thiolate interface, the staple
hypothesis has been challenged but survived.

The recently solved structure of Aug2(SPh-p-'Bu)ss, however, challenges the staple
hypothesis to the fullest extent and demands a rethinking of the thiolate-gold interface,
because here there is no ambiguity. Aug2(SPh-p-'Bu)ss has a highly regular fcc Auss

kernel with 16-gold-atom (001) facets and 12-gold-stom (100) and (010) facets, which
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are distinctly and clearly covered by the bridging thiolates.3* This new structure raises the
key question about the surface sensitivity of the thiolate-gold interface. Previously, the
preference of the staple motif was demonstrated only for the Au(111) surface. It is
therefore of great importance to examine the energetic stability of staple vs. bridging
mode at the gold-thiolate interface for other surfaces such as (100) and (110). In addition,
the structure of Aug(SPh-p-'Bu)ss now gives more weight to the view of the bridging
thiolate for structures where ambiguity existed.

To understand the bridging motifs at the interface of the thiolate-protected gold
nanoclusters in particular and to provide guidelines for future structure predictions in
general, herein we study the surface sensitivity of the thiolate-gold interface with three
low-Miller-index surfaces of gold including Au(111), Au(100), and Au(110) from first-
principles density functional theory (DFT). We then explain the energetic trend found.
Next we leverage the surface sensitivity to categorize the existing clusters into three
groups: (1) no bridging, (2) ambiguous bridging, and (3) distinct bridging. Furthermore,
we employ the surface sensitivity to predict the protecting motifs of fcc gold

nanoparticles (smaller than 3 nm) with different shapes.

5.2 Results and Discussion

5.2.1 Bridging and staple motifs on Au(111), Au(100), and Au(110)

To examine the surface sensitivity of the thiolate-gold interface, we use the
methylthiolate (MT) as an example. We tested all the possible adsorption sites on the

three surfaces: top site, bridge site, fcc site, and hcp site on Au(111); top site, bridge site,
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and square 4-fold hollow site on Au(100); top site, long bridge site, short bridge site,
pseudo 3-fold hollow site, and rectangular 4-fold hollow site on Au(110). By comparing
the binding energies, we find that the bridge sites are the most stable adsorption sites for
MT on all the three surfaces. The sizes of the systems and the convergence test are
summarized and provided in Tables 5.1-5.3. Figure 5.1 shows the most stable structures
for MT on the three surfaces, where each MT binds to two neighboring surface gold
atoms. This is also found to be the case for different Au-thiolate-Au interfaces of the

molecular nanowires.*8-49

Table 5.1. Binding energies (eV) of MT at different adsorption sites on Au(111) with different
layers of slab. The initial angle between the surface normal and S-C bond is 30°. Structures
started with the hcp sites all relaxed to the bridge sites.

4 layers 5 layers 6 layers
top -1.64 -1.57 -1.67
bridge -1.99 -1.96 -2.08
fcc -1.94 -1.91 -2.02
hcp bridge bridge bridge

Table 5.2. Binding energies (eV) of MT at different adsorption sites on Au(100) with different
layers of slab. Structures started with the top sites all relaxed to the bridge sites.

4 layers 5 layers 6 layers

top bridge bridge bridge
bridge -2.41 -2.34 -2.36
square 4-fold hollow -2.18 -2.08 -2.19
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Table 5.3. Binding energies (eV) of MT at different adsorption sites on Au(110) with different
layers of slab. Structures started with the top sites, pseudo 3-fold hollow sites, and rectangular 4-

fold hollow sites all relaxed to the short bridge sites.

4 layers 5 layers 6 layers
top short bridge short bridge short bridge
long bridge -2.39 -2.31 -2.36
short bridge -2.59 -2.47 -2.56
pseudo 3-fold hollow short bridge short bridge short bridge
rectangular 4-fold hollow short bridge short bridge short bridge

|
Figure 5.1. Top (upper panel) and side (lower panel) views of the optimized structures for bridging MT on

Au(111), Au(100), and Au(110) surfaces. Only the topmost surface layer is shown. Au, red; S, blue; C,
grey; H, white.
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Figure 5.2. Top (a) and side (b) views of the optimized structures for CH3S—Auagatom—SCH3 staple motif on
Au(111). Only the topmost surface layer is shown. Auagawom, Yellow; other Au, red; S, blue; C, grey; H,
white.

AE 0.0 0.12 eV 0.13 eV

Figure 5.3. Top (upper panel) and side (lower panel) views of the optimized structures for the staple motifs
on Au(100). (a) AUadgatom at the bridge site; (b) AUagatom at the hollow site; (C) Auadaom at the top site.
Differences of the total energies based on four layers of slabs in (4 x 4) lateral cells are listed. Only the
topmost surface layer is shown. Auagatom, Yellow; other Au, red; S, blue; C, grey; H, white.

We next examine the staple motif (CH3S—Auadatom—SCHz) on Au surfaces. Figure 5.2
shows the optimized structure of the most stable form of the staple motif on Au(111).*°
We find three types of staple motifs on Au(100) of comparable energy (Figure 5.3). In
the most stable structure (Figure 5.3a), the Au adatom is at the bridge site and the staple
motif lays diagonally across two neighboring Au squares. For the second type (Figure

5.3b), the Au adatom is at the hollow site, and the staple motif lays diagonally across one
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Au square. In the third type (Figure 5.3c), the Au adatom is at the top site and the staple
motif lays on top of the long edge of two neighboring Au squares. On Au(110) we
explored five types of staple motifs (Figure 5.4). The first three (Figure 5.4a-c) are close
in energy. In the most stable structure (Figure 5.4a), the Au adatom is at the top site and
the staple motif lays on top of two neighboring short Au-Au edges. In the second type
(Figure 5.4b), the Au adatom is at the hollow site and the staple motif lays diagonally
cross the Au rectangle. In the third type (Figure 5.4c), the Au adatom is at the long-bridge
site and the staple motif lays diagonally across two neighboring Au rectangles sharing the

long edge.

AE 0.0 0.04 eV 0.08 eV 0.32 eV 0.81eV

Figure 5.4. Top (upper panel) and side (lower panel) views of the optimized structures for the staple motifs
on Au(110). (a) and (e) AUagaom at the top site; (b) Auadatom at the rectangular hollow site; (c) and (d)
Auagaiom at the long bridge site. Differences of the total energies based on six layers of slabs in (3 x 4)
lateral cells are listed. Only the topmost surface layer is shown. Auadaom, Yellow; other Au, red; S, blue; C,
grey; H, white.
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Figure 5.5 compares the binding energy per thiolate for the most stable modes of the
bridging and staple motifs on the three Au surfaces. One can see that although the staple
motif is preferred on Au(111), the bridging motif is preferred on Au(100) and Au(110).
Clearly, the binding mode of the thiolate on Au is surface sensitive. From Au(111) to
Au(100) to Au(110), the thiolate group binding stronger with Au for both the staple motif
and the bridging motif, but apparently the increase is more dramatic for the bridging
motif, especially from Au(111) to Au(100). This is the key underlying reason for the
surface sensitivity of the binding motif.

To understand the increasing binding energies for the bridging motif, Table 5.4 lists
the Au-S distance and the partial charge on Au that binds to S, together with the Au-Au
coordination number of the different surfaces. One can see that the increasing binding
energies from (111) to (100) to (110) correlate well with the shortening Au-S distance
and the increasing charge transfer from S to Au. This trend can be well explained by the
coordination numbers of the surface Au atoms, which decreases from 9 to 8 to 7 for
Au(111), Au(100), and Au(110), respectively. Low-coordinate Au atoms are more active
and therefore have stronger interactions with the thiolate group; and more so for the

bridging thiolate than for the thiolate in the staple motif.
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Figure 5.5. Comparison of binding energies per MT for the most stable modes of the bridging and staple
motifs on the three Au surfaces. The coverages of each motif on Au(111), Au(100), and Au(110) surfaces
are 1/16 ML, 1/16 ML, and 1/12 ML, respectively.

To further confirm the binding mode of the thiolate on Au(100), we studied SAMs
on Au(100) with bridging and staple motifs. As shown in Figure 5.6, the sulfur overlayer
has a coverage of 50%, and the overall patterning symmetry is c(2x2). For the bridging
motif, one thiolate covers two Au atoms at the bridging site (Figure 5.6a), while for the
staple motif, with the Au adatom at the bridge site, two thiolates cover diagonally across
two neighboring Au squares (Figure 5.6b). In this case, we find that the binding energies
per thiolate of the bridging and staple motifs are -2.35 eV and -1.89 eV, respectively.
Clearly, SAMs on Au(100) with the bridging motif are more stable than the staple motif.
In addition, we replaced the MT with the experimental ligand 4-tert-butylbenzenethiolate
(TBBT), and considered the van der Waals (vdW) interactions between the ligands. The
same trend was found. With a coverage of 25%, the binding energy per TBBT of the

bridging motif is -3.01 eV, which is 0.48 eV lower than the staple motif (-2.53 eV).
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These all indicate that the bridging motif rather than the staple motif is preferred on
Au(100). Of course, the thiolate family of ligands are rich and more than just TBBT.
Because of the relatively small energetic difference between the bridging and staple
motifs, one can expect that the substituent effects (such as electron-drawing with
fluorinated thiols, water-soluble ones with —GSH, etc.) may affect the interfacial ligand

bonding. We hope to further explore them in the future.

Table 5.4. Binding energies Ey, Au-S bond lengths rau.s, Bader charges on Au atoms bonded to S
of bridging MT on Au(111), Au(100) and Au(110) surfaces. Coordination numbers of surface Au
atoms C.N. (Au) for each surface are also listed.

Au(111) Au(100) Au(110)
raus/A 2.475 2.428 2.416
Bader charge (Au)/|e| +0.049 +0.060 +0.068
C.N. (Au-Au) 9 8 7

Figure 5.6. Top views of SAMs on Au(100) with the (a) bridging motif and (b) staple motif. The dotted-
line box indicates the unit cell. Only the topmost surface layer is shown. Auagaom, Yellow; other Au, red; S,
blue; C, grey; H, white.
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5.2.2 Categorizing thiolate-protected gold nanoclusters

The surface sensitivity of the gold-thiolate interface as shown in Figure 5.5 can now
explain the existence of the bridging motifs in some Aun(SR)m clusters. Given this insight,
it is necessary to view the existing Aun(SR)m clusters from the geometry and facet of their
cores. Our analysis of the surface sensitivity is based on the fcc geometry, while many
Aun(SR)m clusters have different core geometries. So we will first categorize all the
existing thiolate-protected gold nanoclusters according to their interfacial motifs and then

correlate them to the core geometry.
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Table 5.5. Categorizing thiolate-protected gold nanoclusters

“ambiguous bridging”, and “distinct bridging”.

into three groups: “no bridging”,

Category cluster kernel protecting motifs
Auis(SR)1s hep-based Auo Auy(SR)s + Aua(SR)s + 3 Au(SR), 7
Amo(SR)16 bitetrahedral Auy Aug(SR)s + Aus(SR)s + 2 Au(SR), **
Au(SR)0 bitetrahedral Aug 4 Aus(SR)s 2!
Aus(SR)is° Ic-based Aus 6 Auy(SR)s 3
No bridging Auso(SR)1s hep-based Auys 6 Aun(SR)3 ¥
Ausg(SR)a” Ic-based Aux; 6 Aux(SR)s + 3 Au(SR), ¥
Auyoa(SR )4 M-Dh-based Auye 2 Aux(SR)s + 19 Au(SR),
Auso(SR)so M-Dh-based Auyps 25 Au(SR); *°
Auyss(SR)sz Ic-based Aujgr 26 Au(SR), 38
Au(SR)16 fee-based Augs 2 Aus(SR)4+ 2 Au(SR): + 4 SR V°
Alrg(SR)2” fee-based Ausg 4 Au(SR); + 8 SR *#*
Ambiguous bridging | Auszs(SR)x fce-based Auas 4 Aux(SR); + 12 SR %
Augo(SR)as fec-based Ausq 6 Au(SR), + 12 SR 3
Auys(SR)s fec-based Auss 4 Aux(SR)s + 16 SR ™!
Aus(SR)s fee-based Aug 4 Auy(SR): + 20 SR -1
Distinct bridging Auor(SR)as fec-based Augy 8 Au(SR)» +28 SR *

aAuszs(SR)24 has two isomers: Q and T,%32 and isomer Q is presented here. "Auzs(SR)20 has two
ligand-induced isomers: Auzs(SPh-p-'Bu)zo and Auzs(S-c-CsHi1)20,24% and Auzs(SPh-p-'Bu)zo is

presented here.

We found that all the reported Aun(SR)m clusters can be summarized into three

groups based on their protecting motifs (Table 5.5): (1) no bridging, i.e., staple motifs

only; (2) ambiguous bridging, i.e., having bridging motifs but ambiguous bridging only,

in addition to staple motifs; (3) distinct bridging, i.e., having distinct bridging motifs, in
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addition to staple motifs and ambiguous bridging (if any). Table 5.5 shows that Aun(SR)m
clusters with non-fcc cores, including icosahedral (Ic), Marks decahedral (M-Dh), and
hexagonal close packing (hcp), have staple motifs only and no bridging thiolates at the
interface. A common structural feature of these cores is the dominance of the Aus
triangles on the core surface. Similar to Au(111), these triangles prefer the staple motif.
This may be why only staple motifs exist at the interface of these clusters with non-fcc
cores. Figure 5.7a shows the typical structure of “no bridging”: Auss(SR)24.3! As one can
see, the core surface only exhibits Aus triangles, and it is simply protected by the staple
motifs.

Table 5.5 also shows that for the clusters with bridging motifs, either ambiguous or
distinct bridging, they all have fcc kernels. This can be due to the fact that fcc-based
kernels have exposing (100) facets and a clear confirmation of the surface sensitivity that
we found for bulk fcc Au as shown in Figure 5.5. Especially for the magic series
Auzg(SR)20, Auzs(SR)24, Ausa(SR)28 and Ausz(SR)a2 reported by Jin group, they all have 4
Aus or Aus {111} facets, and have 8, 12, 16, and 20 Aus {100} squares, respectively.
Significantly, the surface-protecting modes of these clusters obey the same rules, i.e.,
each {111} facet is protected by one dimeric staple motif, and each {100} square is
protected by one bridging motif.>® Similarly for Auz3(SR)16~ and Auso(SR)24, the bridging
motifs all appear over the squares. These structures are called ambiguous bridging
because the bridging thiolates can be viewed alternatively as part of dimeric staple motifs
with a different core geometry. Figure 5.7b shows the typical structure of “ambiguous

bridging”: Auzs(SR)24.28 The ambiguous bridging motifs are colored with blue. As one
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can see, these 12 ambiguous bridging motifs can be viewed alternatively as 4 dimeric
staple motifs. But our finding of the surface sensitivity supports the view from the
bridging thiolate where the core takes a compact fcc geometry, instead of a less ordered
and hard-to-describe core as in the view from the staple motif. A previous study
calculated the Bader charges on gold atoms of the thiolate-protected Au.s(SMe)2o cluster,
and found that gold atoms related to the ambiguous motifs have lower Bader charges than
the core atoms.*” Therefore, chemically speaking, these ambiguous motifs are more like
staple motifs. However, here we emphasizes more on the structure and energetic
perspectives, which together with the chemical view offer a more complete picture. In the
case of Aug2(SR)as, distinct bridging thiolates are observed on the planar (100) facets
because these bridging motifs cannot be viewed as part of the staple motifs. In addition to
the distinct bridging thiolates on the facets, there are ambiguous bridging thiolates at the
edges and corners of the tetragonal Aug2(TBBT)44. This has previously been explained by
the boundary effect, i.e., the corner-site can be viewed as protected by —S—Au-S—-Au-S—
dimeric staple motif, which is actually assembled from three simple bridging thiolates at
the three joining facets. Similarly, the edge is protected by —S—Au—S— monomeric staple
motifs, and they can be decomposed into two bridging thiolates at the two connecting
facets.®* Figure 5.7c shows the structure of the only “distinct bridging”: Aug2(SR)as.
Although only one member belongs to this type, we think that there will be more
structures in this type to be discovered. Below we present predictions of possible type-3

structures.
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No bridging Ambiguous bridging Distinct bridging
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Figure 5.7. Typical structures for the three types of Aun(SR)m clusters: (a) “no bridging”: Auss(SR)24,
isomer Q; (b) “ambiguous bridging”: Auss(SR)2s; (c) “distinct bridging”: Aug(SR)4s. Carbon tails are
omitted for clarity. Au (kernel), magenta; Au (staple), red; S (staple), green; S (ambiguous bridging), blue;
S (distinct bridging), yellow.

5.3 Implications for structure predictions based on the surface sensitivity

Based on the facet sensitivity, we predict the protecting motifs of fcc gold nanoparticles
smaller than 3 nm. “Geometrically ideal” shapes of fcc nanoparticles include cube
(terminated completely by {100} surfaces), truncated cube, cuboctahedron, truncated
octahedron, and octahedron (terminated completely by {111} surfaces). Here we choose
five fcc gold nanoparticles with different shapes, namely, cubic Auies, truncated cubic
Auiz, cuboctahedral Auisz, truncated octahedral Auiso, and octahedral Auise°® and
predict their protecting motifs with the facet sensitivity. As shown in Figure 5.8, we
predict that cores such as cubic Auieg, truncated cubic Aui7i, and cuboctahedral Auisr

cores will have distinct bridging motifs on their surfaces.
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Figure 5.8. Five fcc gold nanoparticles with different shapes, namely, cubic Auigs, truncated cubic Auir,
cuboctahedral Auisz, truncated octahedral Auis, and octahedral Auis. The exposing (100) facets are
colored with magenta, while the exposing (111) facets are colored with yellow.

The surface sensitivity we found also has an important implication for a recently
proposed structure of Auwua(SR)eo. From their pair-distribution function (PDF)
experiment and analysis, Ackerson et al. found that the Au142(SR)eo Cluster can exist in
two different polymorphs; they proposed a decahedral Auiis core (Figure 5.9) that is
different from the popular model of the icosahedral Auiis core.5?2 The proposed Auiis
core of Aui44(SR)eo exhibit five (111) facets at the top and another five at the bottom, as
well as five (100) facets on the waist. Our finding of the facet sensitivity of the thiolate-
gold interface suggests that the planar (100) facets should be protected by the bridging

motifs instead of the staple motifs. Therefore, structure prediction of the new Au144(SR)eo
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polymorph based on the decahedral Auiis core needs to take into account both the

bridging thiolates in addition to the staple motifs.

111

rd

100

Figure 5.9. The proposed Auiis kernel of Au144(SR)eo.

5.4 Conclusions

To shed light on the bridging motifs at the interface of the thiolate-protected gold
nanoclusters, we have studied the facet or surface sensitivity of the thiolate-gold interface
with three low-Miller-index surfaces of gold, including Au(111), Au(100), and Au(110),
by using periodic DFT. We find that the interfacial structures of thiolates on gold are
surface sensitive: while the staple motif (-RS-Au-SR-) is preferred on Au(111), the
bridging motif (-RS-) is preferred on Au(100) and Au(110). This surface sensitivity is
closely related to the coordination number of the surface Au atom on the different
surfaces. With this surface sensitivity, we categorize the structure-known Aun(SR)m
clusters into three groups: (1) no bridging; (2) ambiguous bridging; (3) distinct bridging.
We further employ the surface sensitivity of the thiolate-Au interface to predict the

protecting motifs of face-centered cubic (fcc) gold nanoparticles (smaller than 3 nm) of
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different shapes. Our study provide a unifying view of the Aun(SR)m structures and
guidelines for structure predictions of the larger thiolate-protected gold nanoclusters of a

fcc core.
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Chapter 6

Metallic Hydrogen in Atomically Precise Gold Nanoclusters

Abstract

Hydrogen-metal interaction is the foundation of many technologies and processes. But it
remains unknown how hydrogen behaves in atomically precise gold nanoclusters even
though they have been used in hydrogenation catalysis and water splitting. Herein we
investigate how hydrogen interacts with [Au2s(SR)1g]? clusters and monoatom-doped
bimetallic [M1Au24(SR)1g]? clusters (M=Pt, Pd, Ag, Cu, Hg, Cd) from first principles. We
find that hydrogen behaves as a metal in these clusters and contributes its 1s electron to
the superatomic free-electron count. This opposite behavior to the hydride in Cu and Ag
clusters allows the small-sized hydrogen to interstitially dope the gold clusters and tune
their superatomic electronic structure. The doping energetics shows that when an 8-
electron superatom is formed after H doping, the binding energy of H is much stronger,
while binding of H with an already 8-electron superatom is much weaker. Indeed, frontier
orbitals and the HOMO-LUMO gaps of [AuzsH1(SR)1s]°, [AuzsH2(SR)1s]",
[PtAU2:H2(SR)18]°, [PdAU24H2(SR)15]°, [AgAU24H(SR)15]%, and [CuAuzsH1(SR)1s]° all
have very similar features, because they are all 8-electron superatoms. By calculating the
Gibbs free energies of hydrogen adsorption, we predict that PtAu24(SR)1s, PdAuU24(SR)1s,
and center-doped CuAu24(SR)1s can be good electrocatalysts for hydrogen-evolution

reaction.
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6.1 Introduction

The behavior of hydrogen in metals has been of great interest for many decades.*
Metal-hydrogen systems are widely utilized in energy-storage systems, sensor
applications, as well as catalysis.° The small size of hydrogen atom permits dense
hydrogen packing in metal hosts that have a high affinity for hydrogen storage. The high
diffusivity of hydrogen in metals also endows nanoscaled metal-hydrogen systems
interesting possibilities for sensor applications.®” Moreover, reactions with hydrogen on
metals are important in catalysis, particularly in hydrogenation, water splitting, and
hydrogen fuel cells.8-10

In contrast with bulk metal hydrides, the structures of H-metal nanoclusters can
provide insight from a molecular perspective of how hydrogen interacts with metals and
how the magic sizes or superatoms evolve.!* The hydride ligand (H™) has been used in
the synthesis of ligand-protected copper or silver nanoclusters.!??? Especially for the
copper clusters, a series of air- and moisture-stable copper hydride clusters ranging from
Cu7sH to CuszHzo were successfully synthesized and structure-determined.? In 2015,
Hayton et al. reported the isolation and structural characterization of [CuzsH22(PPhs)12]Cl,
the first copper hydride nanocluster with partial Cu(0) character.® By controlled growth
from this Cuzs hydride nanocluster, they then reported the synthesis and identification of
[Cu29ClsH22(Phophen)12]Cl, which is the largest copper superatom known to date
(superatomic electron count = 2).2? In addition to the many successes of copper hydride

clusters, Bakr et al. recently successfully synthesized a new class of hydride-rich,
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atomically precise sliver nanoclusters, including Agis, Agzs, and Agzs, with phosphine as
co-ligands.?

In contrast to Cu and Ag, hydrogen has not been observed in the ligand-protected
gold nanoclusters. Among the reported ligand-protected gold nanoclusters, Auzs(SR)1s is
one of the most extensively studied systems.?*3® Tsukuda and coworkers first identified
Auys(SR)1s in 2005;% then, Murray and Jin groups solved its structure.?>2% The stability
of the anionic [Au2s(SR)1s]  cluster can be explained by the superatom complex concept:
its eight free electrons occupy a complete electron shell of the (1S)(1P)® configuration.!!
Considerable efforts have also been pursued to dope Auzs(SR)1s with other atoms such as
Pt, Pd, Ag, Cu, Hg, and Cd.3"

Recently, it has been showed that both Au2s(SR)1s and PtAu24(SR)1s exhibit high
hydrogen-evolution-reaction (HER) activity; more interestingly, the latter’s activity is
much higher than the former and is among the most active molecular catalysts for HER.%!
Given the tremendous progress in ligand-protected gold nanoclusters and the potential of
using them as electrocatalysts for water splitting, it is of great interest to investigate the
behavior of hydrogen in ligand-protected gold nanoclusters systematically in terms of
cluster charge states, different dopants, and superatomic electronic structure. To this end
we study hydrogen adsorption on [Auzs(SR)1s]® clusters (q=-1, 0, +1) and mono-doped
bimetallic [MAuU24(SR)18]¢ clusters (M=Pt, Pd, Ag, Cu, Hg, Cd, and g=-2, -1, 0) by first-
principles density functional theory (DFT). We especially focus on the binding sites and

energetics of H in the clusters and the changes to their superatomic free-electron count.
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We further evaluate the Gibbs free energies of H adsorption to predict the HER activities

of these clusters.

6.2 Results and discussion

6.2.1 Hydrogen in [Auzs(SR)1s] clusters (g=-1, 0, +1).

We first start with the [Au2s(SR)18]? clusters, the most studied atomically precise, ligand-
protected metal clusters. Table 6.1 lists the adsorption energies of sequential adsorption
of hydrogen atoms on [Au2s(SR)1s]? clusters (g=-1, 0, +1) relative to atomic hydrogen.
One can see that [Auzs(SR)1s]” has an adsorption energy of -1.18 eV, while [Auzs(SR)1s]°
and [Auzs(SR)1s]" have adsorption energies of -2.04 eV and -1.81 eV, respectively. In
other words, H binds strongest in [Auzs(SR)1s]°, followed by [Auzs(SR)1s]*. H binding is
the weakest with [Auzs(SR)ig] . Figure 6.1 shows the optimized structures of
[AuzsH(SR)1s], [AuzsH(SR)1s]°, and [AuzsH(SR)1s]*, which have optimized H-Aucenter
distance at 3.049 A, 1.979 A, and 1.967 A, respectively. Therefore, the charge state is a
very important factor in affecting energetics and structure of hydrogen adsorption on gold

nanoclusters.

Table 6.1. Free-electron count (n) of [Auzs(SR)1s] , [Auzs(SR)1s]%, and [Auzs(SR)is]™ and their
sequential adsorption energy (eV) for hydrogen: first, AEn1; second, AEwg; third, AEns. R=CHs.

Cluster n AEn: AEw> AEns3
[Auzs(SR)1s] 8 -1.18 -- --
[Auas(SR)1s]° 7 -2.04 -1.25 -
[Auzs(SR)16]* 6 -1.81 -1.98 -1.46
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[AussH(SCH3)1s] [AussH(SCH;)q6]° [AuzsH(SCH3)qg]*

Figure 6.1. Optimized structures of [AuzsH(SR)1s] . [AuzsH(SR)1s]% and [AuzsH(SR)1s]*. Protecting motifs
are showed in line mode. R=CHs. Au, magenta; H, blue; S, green; C, grey.

Adding more H to [Auzs(SR)1s]° and [Auzs(SR)1s]", we find that adsorption
energy of the second H on [Auzs(SR)1s]° becomes weaker (-1.25 eV), close to that of the
first H on [Au2sH(SR)1s] . However, for [Auzs(SR)1g]*, one more H can be strongly
adsorbed with an energy of -1.98 eV, but the adsorption energy of the third H becomes
much weaker (-1.46 eV). To understand the significant differences in hydrogen
adsorption energies on [Auzs(SR)1g]? clusters (q=-1, 0, +1), we calculated Bader charges
on the adsorbed H. We find that Bader charges on H are close to zero (ranging from
+0.034 to -0.004 |e|). This is in contrast with H in silver or copper nanoclusters, where
charges on H are negative, for example, -0.51 ~ -0.67 |e|] on hydrides in
[Cuz0H11(S2PH2)q].*® This can be explained by the fact that H’s electronegativity (2.2) is
smaller than that of Au (2.54) but larger than that of Ag (1.93) or Cu (1.9). Therefore, H
in ligand-protected gold clusters behaves like a metal, while H in ligand-protected sliver

or copper clusters behaves like H or a ligand. In other words, H atoms in ligand-
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protected gold clusters do not withdraw electrons from the metal core, but donate their
electrons to the cluster. This insight has important implications in how hydrogen impacts
the free-electron count and hence the superatomic electronic structure.

[Auzs(SR)1g] s an 8-electron (8-e) system, and its electronic configuration can
be written as (1S)?(1P)%, [Auzs(SR)1s]° is a 7-e system [(1S)?(1P)°] and [Auzs(SR)1s] is a
6-e system [(1S)?(1P)*]. Table 6.2 shows that [Auzs(SR)is] , [AuzsH(SR)is]®, and
[AuzsH2(SR)18]"  have essentially the same HOMO-LUMO gap, indicating that
[AuzsH(SR)15]% and [AuzsH2(SR)1s]* are also 8-electron systems just like [Auzs(SR)1s] .
To further confirm this, Figure 6.2 shows the frontier orbitals of [Aus(SR)ig] ,
[AuzsH(SR)15]% and [AuzsH2(SR)1s]*. One can see that the three clusters all have very
similar features: P-type HOMOs and D-type LUMOs. These results show that H in
ligand-protected gold clusters behaves as a metal and each H atom contributes one
electron to the free-electron account just like Au. Therefore, hydrogen doping can be a
powerful means to fine-tune the superatomic structures of atomically precise gold

nanoclusters.

Table 6.2. HOMO-LUMO gaps of [AU25(SR)18]_, [AUst(SR)la]O, and [AUstz(SR)18]+. R=CHs.

Cluster [AUzs(SR)18]_ [AU25H(SR)18]O [AUstz(SR)18]+

Gap (eV) 1.26 1.27 1.25
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Howmo i

[Auzs(SCHa)w]_ [Au,;H(SCH;),,]° [Auy;H,(SCH;)6]*

Figure 6.2. Frontier orbitals of [Auzs(SR)1s] , [AuzsH(SR)1s]% and [AuzsH2(SR)1s]*; only one HOMO and
one LUMO are shown for each cluster.

6.2.2 Hydrogen in monoatom-doped bimetallic [MAu24(SR)18]% (M=Pt, Pd, and g=-2,
0) clusters.

Bimetallic [MxAu2sx(SR)18]? clusters have attracted huge research interest and further
diversified the chemical space that can be built upon Auzs(SR)1s. Pt and Pd are the first
two foreign atoms that have been successfully introduced into the center of Auzs(SR)1s
cluster.3” 3% 41 Especially, a recent experiment showed that Pt;Auz(SR)1s is one of the
best HER catalyst compared with other molecular catalysts.®® We studied hydrogen
adsorption on monoatom-doped bimetallic [M1Au24(SR)18]% clusters (M=Pt, Pd, and q=-
2, 0). As can be seen from Table 6.3, adsorption energies of the first H on the neutral

clusters are much stronger than the anionic clusters. By adding more H on the neural
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clusters, we find that the second H can also be strongly adsorbed, but the adsorption
energies of the third H become much weaker. Figure 6.3 shows the optimized structures
of [PtAu24(SR)1s]® with one, two, and three H atoms. We explored different
configurations of hydrogen adsorption. For two H, we found that the distorted metal core
of [PtAu24(SR)1s]° favors adsorptions of H on the opposite sides of the Pt center (Figure

6.3b).

Table 6.3. Free-electron count (n) of [MAuU24(SR)15]% clusters (M=Pt, Pd, and g=-2, 0) and their
sequential adsorption energy (eV) for hydrogen: first, AEn1; second, AEwy; third, AEns. R=CHs.

Cluster n AEH: AEw> AEns
[PtAU4(SR)1s]> 8 -1.21 - -
[PtAU24(SR)1s]° 6 -2.20 2.22 -1.14
[PdAU24(SR)15]* 8 -1.35 - -
[PdAU4(SR)1s]° 6 -2.15 -2.16 -1.24

(b) (c)

Figure 6.3. Optimized structures of [PtAu.4(SR)1s]° with one (a), two (b), and three (c) hydrogen atoms.
Protecting motifs are showed in line mode for clarity. Au, magenta; Pt, yellow; H, blue; S, green; C, grey.
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The calculated Bader charges on the adsorbed H in the [MAu24(SR)1g]? clusters
(M=Pt, Pd, and g=-2, 0) are close to zero (ranging from +0.022 to -0.006 |e|), indicating
that H in these bimetallic gold clusters also behaves as a metal. [PtAuzs(SR)1s]° and
[PdAuU24(SR)18]° are 6-e systems with a configuration of (1S)%(1P)*, while
[PtAU24(SR)18]> and [PdAu24(SR)1s]%> are 8-e systems of the (1S)?(1P)® configuration.
This explains why [PtAu2s(SR)1s]° and [PdAu24(SR)1s]° readily adsorb two H atoms to
become an 8-e superatom, while [PtAu24(SR)1s]> and [PdAu24(SR)1s]? tend not to. In
other words, [PtAu24H2(SR)1g]° and [PdAu24H2(SR)1s]° are also 8-e systems, being
isoelectronic to [PtAu24(SR)1s]> and [PdAu24(SR)1]*. This is why the HOMO-LUMO
gaps of [MAuU2(SR)1s]> and [MAu24H2(SR)1s]° are very close (Table 6.4). Frontier
orbitals of [PtAuz4H2(SR)1s]° and [PdAu2sH2(SR)1s]° (Figure 6.4) further confirm their

superatomic nature: P-type HOMO and D-type LUMO.

Table 6.4. HOMO-LUMO gap (eV) of [MAU24(SR)1s]* and [MAu2:H2(SR)1s]° clusters (M=Pt,
Pd). R=CH.

M [MAU24(SR)18]2' [MAU24H2(SR)18]O
Pt 1.49 1.45
Pd 1.30 1.29
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[PtAu,4H,(SCH3)46]° [PdAu,4H,(SCH3)4]°

Figure 6.4. Frontier orbitals of [PtAu24H2(SR)15]° and [PdAu24H2(SR)15]% only one HOMO and one LUMO
are shown for each cluster.

6.2.3 Hydrogen in monoatom-doped bimetallic [MAu24(SR)1s]9 clusters (M=Ag, Cu;
g=0, -1).

Since Ag and Cu are in the same group as Au, doping of Au2s(SR)1s by Ag or Cu offers
additional complexity. For example, more than one Ag or Cu atom can be doped into the
AUz5(SR)1.4% 43 4950 Although Pt and Pd prefer to be at the center, Cu or Ag can be
doped into three different positions: the center of the Auis core, the surface of the Auis
core, and the —SR-AuU-SR-Au-SR- staple motif. Theoretical studies have demonstrated
that surface-doped isomers are the most stable for AgAu24(SR)1s and CuAuz4(SR)1s.4244
However, experiments found surface-doped AgAu24(SR)1s but center-doped and staple-
doped CuAuz(SR)1s clusters.***4 Table 6.5 lists the adsorption energies of H in

MAuU24(SR)18 (M=Cu, Ag) at different charge states and doping positions. As one can see,
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they follow the same trend as those of [Auzs(SR)1s]® clusters: hydrogen adsorption on the
neutral clusters is much stronger than on the anionic clusters, because the neutral
bimetallic [MAu24(SR)15]° clusters (M=Ag, Cu) are 7-e systems, readily accepting one
more electron from H to form the more stable 8-e configuration, the anionic clusters are

already 8-e systems and less likely to add more electrons.

Table 6.5. Hydrogen adsorption energy (eV) on three [MAU24(SR)15]? (g=-1, 0) isomers (M=Cu,
Ag)

M q Doping position
Center Surface Staple
Cu g=-1 -1.36 -1.28 -1.21
g=0 -2.13 -2.09 -2.02
Ag g=-1 -1.35 -1.14 -1.16
g=0 -2.07 -2.03 -2.05

Figure 6.5 shows the optimized structures of the three isomers of [CuAu24(SR)1s]°
with one adsorbed H. We found that for the center doping (Figure 6.5a), H has a Bader
charge of -0.040 |e| and binds with the center Cu (rcu-n = 1.777 A) and three surface Au
atoms (raw-n = 1.931 A); for the surface doping (Figure 6.5b), H has a Bader charge of -
0.054 |e| and binds with the center Au (ras-n = 1.987 A), the surface Cu (rcun= 1.774 A)
and two other surface Au atoms (raw-n = 1.951 A); for the staple doping (Figure 6.5c), H
has a Bader charge of +0.037 |e| and prefers to bond with the center Au (rau-n = 1.971 A)
and two surface Au atoms (raw-n = 1.844 A). Remarkably, despite the three different

interaction positions for H shown in Figure 6.5, the adsorption energies of H on the Cu-
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doped neutral clusters are very similar. We found that the optimized structures of the
three isomers of [AgAu.4(SR)1s]® with one adsorbed H are very similar to those of

[CuAU24(SR)1s]".

(a) (b) (c)

Figure 6.5. Optimized structures of the three isomers of [CuAu24(SR)1s]° with one adsorbed H. (a) center-
doped; (b) surface-doped; (c) staple-doped. Protecting motifs are showed in line mode for clarity. Au,
magenta; Cu, orange; H, blue; S, green; C, grey.

Table 6.6 listed the HOMO-LUMO gaps of [MAuU2(SR)1s]” and
[MAu2H(SR)15]° (M=Cu, Ag). As one can see, the HOMO-LUMO gaps of
[MAU24(SR)1s] and the corresponding [MAu2sH(SR)1g]° for the same doping position
are very close, because both are also 8-e systems, even though the gap varies among
different doping positions. Frontier orbitals of the center-doped [CuAu24(SR)1s] and

[CuAu22H(SR)1s]° (Figure 6.6) further confirm their similar superatomic nature.
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Table 6.6. HOMO-LUMO gap (V) of [MAU24(SR)1s] and [MAU2:H(SR)15]° (M=Cu, Ag).

System Doping position
Center Surface Staple
[CuAu2(SR)18] 1.08 1.26 1.18
[CuAu2sH(SR):1]° 1.09 1.29 1.21
[AgAU(SR)18] 1.09 1.23 1.21
[AgAU2H(SR)15]° 1.12 1.23 1.24

LUMO

[CuAUL,(SCH3)1s] [CuAuy,H(SCH;3)4e]°

Figure 6.6. Frontier orbitals of center-doped [CuAU24(SR)1s] and [CuAu2sH(SR)1s]% only one HOMO and
one LUMO are shown for each cluster.
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6.2.4 Potential for hydrogen evolution reaction (HER).

Our results of hydrogen adsorption on Auzs(SR)1s and monoatom-doped bimetallic
MAuU24(SR)1s clusters have important implications for electrocatalytic hydrogen
evolution. First, our results suggest that hydrogen-adsorbed gold clusters can be a stable
intermediate. Second, these intermediate may play important roles in electrocatalytic
water splitting, especially for HER. To evaluate this stability and the clusters’ potential
for HER, we computed their hydrogen adsorption free energy (AGH) using a
computational reversed hydrogen electrode (H* + e = % Hy). As shown previously, a
nearly neutral AGywould suggest a good HER catalyst.>? Figure 6.7 shows the calculated
AGH for hydrogen evolution on Auxs(SR)ig cluster and monoatom-doped bimetallic
MAU24(SR)1s clusters (M= Pt, Pd, Ag, Cu, Hg, Cd). The 8-e HgAu2(SR)1s and
CdAu24(SR)1s clusters have been successfully sythesized,***" so we also examined their
H adsorption energetics; Figure 6.7 shows that they have high positive AGH, SO they
cannot be good electrocatalysts for HER. But the 7-electron and 6-electron systems have
much closer-to-zero AGn. As clearly shown in the figure, PtAu24(SR)1s has the lowest
AGH, so we predict that PtAu24(SR)1s is the best candidate for HER among the clusters
studied here. PdAu24(SR)1s and center-doped CuAu24(SR)1s also have reasonably close-
to-zero AGH. The calculated AGH for the surface-doped and staple-doped CuAu24(SR)1s
are slightly higher than the center-doped one. Thus, it is expected that PdAu24(SR)1s and
center-doped CuAu24(SR)1g also have good catalytic activities for HER, followed by
Auzs(SR)1s and surface-doped AgAuU24(SR)1s. Our prediction is consistent with the

experimental observation of PtAu24(SR)1s’s higher HER activity than Auzs(SR)1s.>! The
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predicted HER activity for PdAu24(SR)1s , CuAu24(SR)1s, and AgAuU24(SR)1s needs

experimental verification.

1.2
—— HgAu,,
CdAu
1.0 F A “
gAu24
Au25
0.8 - CuAuﬂ
- —— PdAu,,
% 0.6 - —— PtAu,,
5
3 04}
0.2 |
1 e 2

Reaction Coordinate

Figure 6.7. The calculated free energy diagram for hydrogen evolution of Aus(SR)1s and bimetallic
MAuU24(SR)1s clusters (M= Pt, Pd, Ag, Cu, Hg, Cd). The doping positions for Hg, Cd, and Cu are center; for
Ag, it is surface.

6.2.5 Detecting interstitial H in ligand-protected gold nanoclusters.

Although there was no experimental attempt to characterize adsorbed hydrogen in ligand-
protected gold nanoclusters, there have many recent advances in experimental study of
H-Au interactions in both homogeneous Au(l) complexes and heterogeneous CeOo-
supported gold nanoparticles via H-NMR,> FT-IR,% and inelastic neutron scattering
(INS).% In the H-Au(l) complex, H behaves as a hydride ligand, therefore very different
from the metallic behavior that we found here in gold nanoclusters. But using the similar
experimental techniques in these recent studies,>™ we think that hydrogen species in

ligand-protected gold and bimetallic nanoclusters can be spectroscopically identified. INS
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is especially powerful as it permits to distinguish both surface and bulk hydrogen species
in metal particles.>®>° In situ INS study of the gold nanoclusters during the HER process

could shed important light on the nature of hydrogen species during the reaction.

6.3 Conclusions

We have investigated how hydrogen interacts with [Auzs(SR)1g]? clusters and monoatom-
doped bimetallic [MAu22(SR)18]® clusters (M=Pt, Pd, Ag, Cu, Hg, Cd) by DFT
calculations. We find that hydrogen behaves as a metal in these clusters and contributes
its 1s electron to the superatomic free-electron count. This opposite behavior to the
hydride in copper and silver clusters allows the small-sized hydrogen to interstitially dope
the [Auzs(SR)18]% and [M1Au22(SR)1g] clusters and tune their superatomic electronic
structure. The energetics shows that when an 8-e superatom is formed after H doping, the
binding energy of H is much stronger, while binding of H with an already 8-e superatom
is much weaker. Indeed, the HOMO-LUMO gaps and frontier orbitals of [AuzsH(SR)1s]°,
[AuzsH2(SR)1s]",  [PtAu24H2(SR)1s]°, [PdAu2:H2(SR)15]°,  [AgAuU24H(SR)15]°, and
[CuAu24H(SR)15]° all have very similar features, because they are all 8-e superatoms.
This insight has important implications in using Auzs(SR)1g and other gold and bimetallic
clusters as electrocatalysts for HER. By calculating AGn, we predict that PtAu24(SR)zs,
PdAu24(SR)1s and center-doped CuAu24(SR)1s can be very good electrocatalysts for HER.
Our results hence demonstrate the unique behavior of hydrogen in atomically precise

gold clusters and invite experimental detection of hydrogen in these clusters.
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Chapter 7

Stronger-than-Pt Hydrogen Adsorption in a Au22. Nanocluster for

Hydrogen Evolution Reaction

Abstract

Although structures of ligand-protected Cu-H and Ag-H nanoclusters have been reported,
atomically precise Au-H nanoclusters have been elusive. From first-principles density
functional theory (DFT), we show that the eight coordinatively unsaturated (cus) Au
atoms in the Auz(L®)s cluster [L = 1,8-bis(diphenylphosphino) octane] can adsorb H
stronger than Pt, thereby being a potentially promising catalyst for hydrogen evolution
reaction (HER). We find that up to six H atoms can adsorb on the Auxz(L8)s cluster and
they all have close-to-zero Gibbs free adsorption energies (AGh). From the HOMO-
LUMO gaps, frontier orbitals, and Bader charge analysis, we conclude that H behaves as
a hydride or electron-withdrawing ligand in the Aux(L®)s clusters, in contrast with the
metallic H in thiolate-protected Au nanoclusters. Our study demonstrates that ligand-
protected Au clusters with cus Au sites will be the most promising candidates for

realizing Au-H nanoclusters and excellent electrocatalysts for HER.
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7.1 Introduction
The behavior of H in metals has been of great interest for many decades.!® Metal-
hydrogen systems are widely utilized in energy-storage systems, sensor applications, as
well as catalysis.* In contrast with bulk metal hydrides, the structures of H-metal
nanoclusters can provide insight from a molecular perspective of how H interacts with
metals and how the magic sizes or superatoms evolve.® The hydride ligand has been used
in the synthesis of ligand-protected Cu or Ag nanoclusters.5'2 Especially for the Cu
clusters, a series of air- and moisture-stable Cu hydride clusters ranging from Cu-H to
CuszH20 have been successfully synthesized and structure-determined.’* More recently,
three new hydride-rich Ag clusters, [AgisHis(TPP)10]**, [AgzsH2z(DPPE)s]®*, and
[Ag26H22(TFPP)13]?*, have been synthesized.!®

Atomically precise Au nanoclusters have attracted intensive research interest over
the past two decades due to their potential applications in catalysis, biology, and
nanotechnology.'®-18 However, to the best of our knowledge, H has not been observed in
ligand-protected Au nanoclusters, but some intermediate states of H adsorbed in thiolate-
protected Au clusters have been proposed to explain their roles in hydrogen evolution
reaction (HER).2® It has been shown that both Auzs(SR)1s and PtAu24(SR)1s exhibit high
HER activity and the activity of PtAu24(SR)1s is much higher than that of Auzs(SR)1s. In
fact, PtAu24(SR)1s is among the most active molecular catalysts for HER. To understand
the underlying reason, the behavior of H in [Auzs(SR)g]Y and mono-atom-doped
bimetallic [M1Au24(SR)1s]? clusters including PtAu24(SR)1s has been investigated.?° It

was found that H behaves as a metal in these clusters and contributes its 1s electron to the
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superatomic free-electron count. But H adsorption is still uphill for at least 200 meV in
free energy on these Au clusters, indicating their thermodynamic instability. One strategy
to drive down the free energy is to create the coordinatively unsaturated (cus) or in situ
uncoordinated sites in the Au clusters.

Unlike many other clusters where the surface Au atoms are fully coordinated by
the protecting ligands,?*2* the Auz(L®)s cluster (L = 1,8-bis(diphenylphosphino) octane)
is unique in that it contains eight cus or so-called in situ uncoordinated Au atoms.? As
shown in Figure 7.1, the rod-like Auaz core of the Auz(L®)s cluster consists of two
Aui units clipped together by four L8 ligands (ball-and-stick ligands in Figure 7.1a),
while the additional two ligands each coordinate to a Aui: unit in a bidentate fashion.
Significantly, eight Au atoms (highlighted in red in Figure 7.1b) at the interface of the
two Auiz units are not coordinated by any ligands. The presence of the cus Au atoms is
promising for catalysis. For example, it was found that the intact Auz2(L®)s nanoclusters
readily catalyze CO oxidation at room temperature; DFT modeling of adsorption of CO

and Oz suggested that the cus Au atoms are the active sites.?®
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(b)

Figure 7.1. Total structure (a) and core structure (b) of the Aux(L8)s cluster. Cus Au, red; other Au, yellow;
P, magenta; C, grey; H, light grey.

Due to its many cus Au sites, we hypothesize that Auz(L8)s offers a unique
opportunity to observe H in Au nanoclusters and can be an excellent electrocatalyst for
HER. To test this hypothesis, here we studied the structures and energetics of H
adsorption on the Aux(L®)s cluster by first-principles density functional theory (DFT)
and evaluated the Gibbs free energies of H adsorption (AGH) to predict the HER activity.
In addition, the HOMO-LUMO gaps, frontier orbitals, and partial atomic charges of the
H-adsorbed Auz2(L®)s clusters were analyzed to better understand the behavior of H in

the cluster.

7.2 Results and discussion

7.2.1 Energetics and structures of H adsorption on the Au2z(L®)s cluster.

Figure 7.2 shows the calculated differential H adsorption energy (AEH; blue) and free
energy (AGr; red) on the Auz2(L8)s cluster relative to % Hz. One can see that up to six H
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atoms can be favorably adsorbed on the cluster, while the second H binds strongest. AGH
has been considered as a good descriptor for HER and a close-to-zero AGH would suggest
a good HER catalyst.?” One can see that AGn on the Aux2(L®)s cluster is close-to-zero for
the first six H atoms, except the second one. This result has two important implications: (i)
the two-H state or AuzH2(L®)s cluster is highly favorable and probably can be detected
experimentally; (ii) the Aua2(L®)s cluster should be a highly active HER catalyst since it
offers so many sites that have close-to-zero AGn. For comparison, we have also
calculated AGH on the Pt(111) surface (at the same level of theory and with the same
approach) and found it to be —0.14 eV. Hence, the second H adsorption on the
Aun (L8 cluster (AGH = —0.41 eV) is much stronger than H adsorption on the Pt(111)

surface, indicating the high stability of the Auz2H2(L®)s cluster.
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Figure 7.2. Differential adsorption energy AEn (blue) and adsorption free energy AGy (red) as a function of
number of hydrogen adsorbed on the Auz(L8) cluster.
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H adsorption on the Aux2(L®)s cluster shown in Figure 7.2 is drastically different
from  previously  studied  [Auzs(SR)ig]%and  mono-atom-doped  bimetallic
[M1Au24(SR)1g]9 clusters. For the thiolate-protected Au clusters, all the surface gold
atoms are already protected by thiolate ligands, so there is no cus Au site. As a result, the
bonding of H in thiolate-protected Au clusters is generally weaker (AGH > 0.200 eV) than

that in the Au22(L8)s cluster (AGH ~ —0.40 to 0.10 eV).

Auy,H(L®), Auy,H,(L8), Auy,H,(LE)g

~ Vi Ay
+ X |\ 4 |

qusz(Ls)e Auy,Hg(L%)s

4 —Y
y \

Figure 7.3. Optimized structures of the AuxHn(L8)s clusters, n=1~6. Protecting ligands are shown in line
mode. Cus Au, red; other Au, yellow; H at the cus Au sites, blue; H at the non-cus Au sites, green; other H,
light grey; P, magenta; C, grey.

To understand the energetic pattern of H adsorption on the Auz2(L®)s cluster, we
now examine the optimized structures. One can see from Figure 7.3 that the first H atom

adsorbs at the long-bridge site formed by two cus Au atoms, while the second H atom
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also adsorbs at the long-bridge site on the opposite side of the Aug cube. Then the third
and the fourth H atoms occupy the other two long-bridge sites subsequently. Interestingly,
the fifth and the sixth H atoms adsorb at the bridge sites at the opposite ends of the cluster
where the Au atoms are not cus sites but protected by phosphine ligands. If the first H
atom directly adsorbs at the non-cus-Au bridge site, AGn is 0.87 eV. In other words, H
adsorption at the cus Au sites can activate the non-cus Au sites; the interaction between H
atoms and non-cus Au atoms becomes stronger after four H atoms adsorb at the cus Au
sites. What's more intriguing is that each end with its non-cus Au atoms can
accommodate only one H atom, because the adsorption of the seventh H atom at the non-
cus Au bridge site is highly unfavorable (Figure 7.2). These observations strongly
indicate some magic-number nature with compositions of AuzH2(L®)s and

Auz2Hs(L®)s which should correlate with their electronic structures.
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Figure 7.4. Minimum-energy path of H, dissociation on the Au»(L8)s cluster. Structures for initial,
transition, and final states are also shown. The protecting ligands are eliminated for clarity. Cus Au, red,;
other Au, yellow; H, blue.

Another interesting implication from the highly stable AuzH2(L8)s cluster is that
Au2(L%)s can be a good catalyst for H. activation. To test this idea, we located the
minimum-energy path for H. dissociation on the Aux2(L®)s cluster (Figure 7.4) and the
barrier was found to be 0.76 eV with a reaction energy of —0.43 eV. One can see that the
H> molecule dissociates at the short-bridge site of the cus Aus center. After dissociation,
H atoms adsorb at two adjacent long-bridge sites. We further calculated the barrier of H
diffusion from a long-bridge site to the next to form the configuration in Figure 7.3 for
Au22H(L8)6. This barrier was found to be 0.54 eV (AE = —0.19 eV). These low barriers

indicate that the Auz2(L8)s cluster should be able to activate H, at room temperature.
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7.2.2 Partial atomic charges of H in the Auz2(L8)s clusters.

To understand the electronic structure of these clusters, we need to determine their free-
electron count. Here a key question is whether H behaves as a hydride or a metal. To
solve this issue, we performed Bader charge analysis. We found that charges on H in the
phosphine-protected Auz(L8)s cluster are all negative (ranging from -0.17 to -0.10 |e|),
like a hydride. In contract, H in thiolate-protected Auzs behaves as a metal with close-to-
zero charges.?’ So the behavior of H in Au nanoclusters is ligand-dependent. Due to the
electron-donating phosphines, charges on Au are negative (ranging from -0.23 to -0.11 |e|)
for the Aux(L®s cluster. Figure 7.5 shows the isosurface plot of charge density
difference for the Aux(L®)s cluster with two adsorbed H. As one can see, electrons
accumulate on the adsorbed H, while deplete on the Au atoms bonded to H. Our results of
the charge analysis clearly show that H in the phosphine-protected Au nanoclusters
behaves as a hydride, different from the metallic H in the thiolate-protected Au

nanoclusters.

Figure 7.5. Charge density difference for the Auz2(L®)s cluster with two adsorbed H at the contour level of
0.003 eV/A3. The charge accumulation region is in light blue and the charge depletion region is in magenta.
The protecting ligands are eliminated for clarity. Cus Au, red; other Au, yellow; H, blue.
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7.2.3 HOMO-LUMO gaps and frontier orbitals of the H-adsorbed Auz2(L28)s clusters.
Since H behaves as a hydride, it can localize an electron from the core. By the electron-
counting rule from the superatom complex model,® the free-electrons of the AuzoHn(L®)s
clusters (n=0, 2, 4, 6) are shown in Table 7.1 together with the calculated HOMO-LUMO
gaps. Compared with Auz2(L%)s and AuzHa(L8)s, AuzHa(L®)s has a smaller gap. This
explained why the second H rather than the fourth H gave the strongest H adsorption
(Figure 7.2). The Auz(L®)s cluster has 22 electrons, which does not correspond to a
spherical shell closing. Instead, one can consider that each of two Aui1 units contributes
three electrons for the bonding between them. The HOMO of Au22(L8)s shows significant
distribution at the interface between the two Auii units (Figure 7.6). AuzHa(L8)s has a
more delocalized HOMO, but still with large densities at the interface. However, in the
case of Auz2Ha(L8)s, the Auiz units do not contribute electrons to the interface. It can be
viewed as a “8e +10e” system instead of “9e+9e”, because the triplet state is 0.17 eV
higher than the singlet state. Accordingly, the HOMO of AuzzHa4(L®)s is mainly localized
on the two Aui units, in the absence of any interactions between them. In addition, the
HOMO diagrams also indicate the electron-rich sites that would attract (additional) H

atoms.

Table 7.1. Free-electron counts (N) and HOMO-LUMO gaps of the AuzHn(L®)s clusters, n=0, 2,
4, 6.

Clusters Au(L®)g AuzHa(L8)s AuzzH4(L®)s AuzzHs(L®)s
N 22 20 18 16
Gap /eV 0.716 0.667 0.520 1.185
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Auy,H, (L), Au,yHy(L8)s

Figure 7.6. The HOMO diagrams of Auzz(L8)s, AuzoH2(L8)s, and AuzHa(L8)s clusters.

The AuxHe(L®)e cluster has a much larger gap (1.185 eV). Moreover, the
nondegenerate, doubly occupied HOMO of AuzHs(L®)s resembles two spatially
separated P-type orbitals, while the LUMO resembles two D-type orbitals (Figure 7.7).
This suggests that Auz2Hs(L8)s can be viewed as an “8e + 8e” superatom because of its 16
free electrons. We also checked the frontier orbitals of another 16-electron system,
[AuzHa(L®)s]**. We found that its frontier orbitals have very similar features to those of
AuxzHs(L8)s and it also has a very large gap of 1.399 eV. This “S8e + 8e” superatomic
shell-closing is the main reason that the Auz(L8)s cluster can absorb up to six H atoms to
form the AuzzHs(L®)s cluster, even though the last two H atoms have to go to phosphine-

protected gold atoms where the HOMO has more distribution (Figure 7.6).
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HOMO

Figure 7.7. Frontier orbitals of the Auz;Hs(L8)s cluster. Only one HOMO and one LUMO are shown.

To understand the difference between  H-adsorbed  Auzs(SR)isand
Auz (L6 clusters, the eigenvalue spectra of AuzsH(SR)1s and Auz2H2(L8)s are compared
in Figure 7.8a and b. We found that the orbital levels in Auz2H2(L8)s have a much lower
degeneracy than those in AuzsH(SR)1s, due to the former's lower symmetry. By analyzing
the local density of states (Figure 7.8c and d), we showed that the 1s orbital of H is
mainly involved in the HOMO-1 of AuzsH(SR)is (Figure 7.8e) and the HOMO-2 of
AuzHa(L8)s (Figure 7.8f). Moreover, the HOMO-1 of AuzsH(SR)1s is very delocalized,
representing a superatomic P-type orbital, while the HOMO-2 of AuzHa(L8)s is more
localized to the cus Au atoms in the middle and the two adsorbed H atoms. This orbital
picture confirms the difference of hydrogen interaction with Auzs(SR)1s and Auzz(L®)s:
the interaction with Aus(SR)1s is dictated by the superatomic electronic structure due to
the lack of cus Au sites; the interaction with Auz(L8)s for the first four H atoms is rather

local to and dictated by the eight cus Au atoms.
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Figure 7.8. The eigenvalue spectra of AuzsH(SR)1s and AuzH2(L8)s (a and b); the local density of states
(DOS) for AuzsH(SR)1s and AuzH2(L8)s (c and d) relative to their respective HOMO levels; the HOMO-1
of AuzsH(SR)1s (e), and the HOMO-2 of AuzH2(L8)s (f).

7.3 Implications of H adsorption on the Auz2(L8)s cluster.

Our study of H adsorption on the Auz2(L8)s cluster has important implications. First, our
results show that the Auz2Ha(L8)s state is thermodynamically very favorable, suggesting
that it may be realized experimentally. This can in principle be realized by just bubbling
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H gas through a solution of the AuaH2(L®)s cluster. Spectroscopic tools including H-
NMR,? FT-IR,?® and inelastic neutron scattering (INS)*°® have been demonstrated the
ability in detecting hydride species in both homogeneous gold complexes and
heterogeneous gold nanoparticles and can thus be utilized to experimentally verify the
ability of Au2(L®)s cluster in forming stable hydride species.

Second, the four cus-Au and two non-cus-Au bridge sites are potentially active sites
for the HER. The present work focuses on the thermodynamics of H adsorption on the
Aux (L8 cluster and its implication for the HER. The viability of the cluster for the HER
will of course depend on the barriers of the Volmer, Heyrovsky, and Tafel steps, which

warrant further studies.

7.4 Conclusions

In summary, we have investigated how H interacts with the Auxz(L®)s clusters by DFT
calculations. We find that six H can adsorb on the Au22(L8) cluster: four H at the cus Au
sites, while two H at the non-cus sites. More interestingly, most of the adsorbed H
possess close-to-zero AGw, indicating that Auz2(L8)s can be a very good electrocatalyst
for HER. In addition, we find that H behaves as a hydride or electron-withdrawing ligand
in the Aux(L®)s cluster. This is different from the metallic H in thiolate-protected Au
nanoclusters, so we conclude that the behavior of H in ligand-protected Au nanoclusters
is ligand-dependent. Our study demonstrates the unique behavior of H in atomically
precise Au nanoclusters and invite experimental detection of H in these clusters and test

of the Auxz(L®)s cluster for water splitting.
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Chapter 8

Electrocatalysis by atomically precise metal nanoclusters

Abstract

Metal nanoparticles such as gold often show high catalytic activities, but their non-
uniform size distributions make it very difficult to correlate the catalytic performance
with the active sites and the electronic structure of the nanoparticles. In contrast,
atomically precise metal nanoclusters with their well-defined structures are a promising
class of model catalysts to establish structure-activity correlations, especially for
electrocatalysis where the reactions take place in ambient conditions. These metal
nanoclusters can be either used as homogeneous catalysts in solutions or loaded onto
solid supports as heterogeneous catalysts. This mini review highlights recent advances in
electrocatalysis by atomically precise metal nanoclusters for water splitting, CO:

reduction, and some other reactions.
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8.1 Introduction

Due to their high surface-to-volume ratio, low-coordination surface atoms, and
unique electronic properties, transition-metal nanoparticles have been used to catalyze
many important reactions.)> However, metal nanoparticles made from conventional
impregnation or deposition-precipitation methods usually have non-uniform size
distributions. This makes it very difficult to correlate the nanoparticle’s catalytic
performance to the active-site structure. Beyond being monodisperse, molecularly pure
nanoparticles with atomic precision in both composition and structure would greatly
facilitate establishing structure-activity relationships for nanocatalysts. Atomically
precise metal nanoclusters now make this dream a reality. These clusters are made via
wet-chemistry synthesis from a metal salt, ligands, and a reducing agent and have a
monolayer of ligands protecting the metallic core, therefore also called monolayer
protected clusters (MPCs).®

Great advances have been made in the past ten years in synthesis, crystallization,
and structure determination of atomically precise Au, Ag, and Cu nanoclusters with tens
to hundreds of metal atoms protected by ligands such as thiolates, alkynyls, phosphines
and hydrides.”*° They have attracted great interest due to their potential applications in
catalysis, biology, and nanotechnology.®*® Among the reported atomically precise metal
nanoclusters, Auzs(SR)1s is one of the most extensively studied systems, first identified in
2005 and later yielded to structure prediction and determination in 2008.%1" Great
efforts have followed to dope Auzs(SR)1s with other atoms such as Pt, Pd, Ag, Cu, Hg,

and Cd.18-%
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The superatom-complex model is a useful starting point to understand the electronic
structure of atomically precise Au, Ag, and Cu nanoclusters.?* The central idea is that the
number of the valence electrons of the whole cluster follows the electron-shell filling of
the superatomic orbitals, resulting in a series of shell-closing electron counts (or magic
numbers), namely, 2, 8, 18, 20, 34, 58, etc. For example, the stability of the anionic
[Auzs(SR)18] cluster can be explained by the superatom complex concept: its eight free
electrons occupy a complete electron shell of the (1S)?(1P)® configuration.?® The
electronic structure of the nanoclusters plays important roles in their electrocatalytic
activities.

This mini review aims to highlight recent advances in electrocatalysis by using
atomically precise Au and Cu nanoclusters, leveraging their well-defined geometry and
unique electronic structure. We will mainly discuss water splitting by Au nanoclusters
and CO2 reduction by Cu-hydride nanocluster, followed by a brief survey of other

reactions.

8.2 Hydrogen evolution reaction (HER)

Doping Auzs(SR)1s with Pt changes the cluster’s electronic structure and hence redox
properties (Figure 8.1a and 8.1b).2 % The cyclic voltammetry curves (Figure 8.1b)
showed that it is much easier for the PtAu24(SR)1s nanocluster (simplified as PtAu.s) to
reversibly receive and then donate two electrons than [Auzs(SR)1g]™ (simplified as Augs).
This is because [Auzs(SR)1g]” being a magic 8-electron system has a large HOMO-

LUMO gap, while the neutral PtAu24(SR)1g nanocluster is a 6-electron system that has a
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low-lying LUMO (Figure 8.1a). The ease of gaining and losing two electrons suggests
that PtAu24(SR)1s could be a much better catalyst than [Auzs(SR)ig]” for HER, a two-
electron process. Indeed, as shown in Figure 8.1c, PtAuxs (blue) has both a lower
overpotential and a higher current for HER than Augzs (red).?® The PtAuzs cluster operated
efficiently in both homogeneous and heterogeneous conditions. It generated H» with
turnover frequencies (TOFs) of 4.8 mol Hz (mol cat)™® stin tetrahydrofuran (THF)
homogeneously and 34 mol H, (molcat)™® st in water heterogeneously, at a moderate

overpotential (#=0.6 V). This activity is among the best in molecular HER catalysts.
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Figure 8.1. (a) Electronic energy levels of PtAu.4(SR)1s (6-electron) and [Auzs(SR)1s]™ (8-electron) systems.
(b) Square-wave voltammetry of Aus(SR)1s (black), PdAu24(SR)1s (red), and PtAu.4(SR)1s (blue). The
arrows indicate solution open-circuit potentials. (c) Linear sweep voltammograms in THF (0.1 M BusNPFg)
solution containing 1.0 M TFA in the absence (black) and presence of 1 mM Auys(SR)1s (red) and 1 mM
PtAU24(SR)1s (blue) at 50 mVs™. (a) and (b): reprinted with permission from ref. 23. Copyright © 2015
American Chemical Society. (c): reprinted with permission from ref. 26. Copyright © 2017, Nature
Publishing Group.

Mechanistic studies indicate that PtAu,s was first reduced to [PtAuz4]*~ which then
reacted with one H* to form [H-PtAu.4] . This negatively charged intermediate preferably
reacted with another H* from the electrolyte to evolve H,. Density functional theory
(DFT) calculations revealed that formation of [H-PtAu24]™ is thermodynamically neutral
(Figure 8.2). In contrast, formation of the H-Auzs intermediate is uphill by about 0.5 eV.

In step 1, a solvated proton is transferred from THF molecules to [PtAuzs]* to form [H-
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PtAu24]". The middle picture in Figure 8.2 shows that the H atom (green) directly
interacts with the central Pt (the Pt-H distance is 1.788 A) in [H-PtAuz]". In step 2a, a
second solvated proton is transferred from THF molecules to [H-PtAuz4] to form [2H-
PtAuzs], which then evolves H2 via the Tafel mechanism; in step 2b, a second solvated
proton reacts with H in [H-PtAu4]™ to form Hz via the Heyrovsky mechanism, which is
the preferred pathway in this case. This work clearly demonstrates that doping a foreign
metal into atomically precise Au nanoclusters can be a very powerful method to tune

their electronic properties for HER.
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Figure 8.2. DFT reaction energies for Hz evolution on PtAu.s. Color code: orange, Au atoms of the core;
olive, Au atoms of the shell; purple, Pt; green, adsorbed H from the liquid medium; grey, S (the rest of
ligand is omitted for clarity). Adapted with permission from ref. 26. Copyright © 2017, Nature Publishing
Group.

Inspired by the H-Pt interaction in the [H-PtAuz4]™ structure, Hu et al. systematically
studied how H interacts with [Auzs(SR)1g]9 clusters (q = -1, 0, +1) and mono-atom-doped
bimetallic [M1Au24(SR)1g]? clusters (M = Pt, Pd, Ag, Cu, Hg, or Cd, q = -2, -1, 0, +1)
from first-principles DFT.?" It was found that H behaves as a metal in these clusters and

contributes its 1s electron to the superatomic free-electron count. For example,
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[PtAU24H2(SR)15]° was found to be an 8-e system with P-type HOMO and D-type LUMO,
being isoelectronic to [Auzs(SR)1s]” (Figure 8.3). The metallic nature of H in ligand-
protected Au nanoclusters is in contrast with the hydride in Cu or Ag nanoclusters. This
can be explained by the fact that H’s electronegativity (2.2) is smaller than that of Au
(2.54) but larger than that of Ag (1.93) or Cu (1.90). The calculated Gibbs free energy of
H adsorption (AGw), a good descriptor for HER,?® further confirmed that PtAug is the

most active HER catalyst among the doped Au clusters.

HOMO

[Au,5(SCH3),s] [PtAu,,H,(SCH;)4,]°

Figure 8.3. Frontier orbitals of [Auzs(SR)1s]™ and [PtAu24H2(SR)15]°. Only one HOMO and one LUMO are
shown for each cluster. Adapted with permission from ref. 27. Copyright © 2017 American Chemical
Society.

Very recently, a novel composite of Auzs nanoclusters and MoS> nanosheets
(Auzs/MoS2) was reported to be a good electrocatalyst for HER.?® Compared with the

plain MoS: nanosheets, Auzs/MoS; exhibited enhanced HER activity in acidic solutions.
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Moreover, it was found that not only the interface between Au nanoclusters and MoS»
nanosheets, but also the interface between the Au cores and protecting ligands, affected
the overall catalytic performance of the composite. It would be interesting to utilize DFT

calculations to further explore the active sites and HER mechanisms on Au2s/MoS;.

8.3 Oxygen evolution reaction (OER)

OER has been considered as the bottleneck for the overall water splitting, since its kinetic
is usually sluggish.®®3! Jin et al. utilized atomically precise Au nanoclusters to construct
Aun/CoSe, composites for OER.? As shown in Figure 8.4a, Aus/CoSe; exhibited the
best OER activity with an early onset potential and a high OER current density among
Auzs/CoSe,, CoSez, Auxs/CB, and Pt/CB. Figure 8.4b showed that Auzs/CoSe> required a
smaller overpotential (0.43 V) than that of CoSe; (0.52 V) for achieving 10 mA cm2,
They further found that ligand-off Auzs/CoSe, showed better OER performance than
ligand-on Auas/CoSe; due to the better interaction between Au and CoSe2, which was
supported by X-ray photoelectron spectroscopy (XPS) analysis. The electronic interaction
between Au nanoclusters and CoSez nanosheets was found to be critical to the OER
performance. To further understand the high OER activity, they performed periodic DFT
calculations. To model the Au/CoSe; interaction, they replaced a Se atom on a CoSe;
surface with Au and found that formation of O* intermediate and desorption of O2

became more favorable on the model Au/CoSe; catalyst.
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Figure 8.4. (a) OER polarization curves for Auzs/CoSez, CoSe, Auzs/CB, and Pt/CB. (b) Comparison of the
overpotential required for achieving the current density of 10 mA cm=, and the current density at the
overpotential of 0.45 V for Auzs/CoSe;, CoSe,, Auzs/CB, and Pt/CB catalysts. Reprinted with permission
from ref. 32. Copyright © 2017 American Chemical Society.

8.4 Electrochemical reduction of COz2
Electrochemical reduction of CO. to fuels and chemicals has gained great interest
recently as a way to leverage renewable energy for CO- utilization.®*3* It was found that
Auys exhibited excellent activity for electroreduction of CO2 to CO within 90 mV of the
thermodynamic limit.%> On the other hand, Cu is a much better known electrocatalyst for
converting CO2 to hydrocarbons at high overpotentials, while producing H> at low
overpotentials.® Although many nanostructured Cu catalysts have been used for CO>
electroreduction, atomically precise Cu clusters have not been tried until Jiang, Lee, Liu,
and their coworkers reported the first successful example from a joint theory-synthesis-
electrocatalysis effort, based on the structurally precise Cu-hydride nanocluster
Cuz2Hz0L12 (L is a dithiophosphate ligand) (Figure 8.5a).*’

From the DFT calculations, they found that the lattice-hydride channel (CO> first
reacting with the lattice hydrides) was more facile than the proton-reduction channel
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(CO2 first reacting with the proton from solution and electron from the electrode). By
comparing HCOOH and CO formation on CuszHzoL12 with the lattice-hydride mechanism,
they predicted that HCOOH rather than CO would be the main product. Figure 8.5b
showed the proposed overall mechanism of HCOOH formation from CO; reduction. As
one can see, HCOOH formation proceeded through two steps of lattice-hydride reduction:
CO2 reacted directly with the capping hydride to form HCOO*, which then reacted with
another interstitial hydride to form HCOOH. The reacted hydrides can be regenerated by
proton reduction. Since HER is the major competing reaction for electrochemical
CO2 reduction at low overpotentials, the authors also evaluated HER on the Cuz2H2oL12
cluster and found that at low overpotentials, HCOOH formation was kinetically preferred

over HER.
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Figure 8.5. (a) Structure of the CuszHzoL12 nanocluster (L = S;PH,). Color code: orange, Cu; green, hydride;
yellow, S; purple, P; white, H on the dithiophosphate ligands. Different types of hydrides are indicated by
the arrows. (b) Overall mechanism of HCOOH formation on Cus,Hxol 12 Via the lattice-hydride channel. (c)
Average current densities (black circles) and cumulative Faradaic efficiencies for H,, HCOOH, and CO
(stacked bars) obtained at different overpotentials. Controlled potential electrolysis was conducted for 90
min in 0.1 M KHCOszand 0.4 M KCI (pH 6.8) on a Cus/C/GDL electrode (1 cm?). Reprinted with
permission from ref. 37. Copyright © 2017 American Chemical Society.

To verify the theoretical predictions, they synthesized the Cus2H2oL12 cluster and
examined its catalytic activity for CO2 reduction by controlled potential electrolysis. The
experimental results (Figure 8.5c) showed that Cus2HxlLi2 predominantly produced
HCOOH at low overpotentials, with minor amounts of CO and Ha, in good agreement
with the theoretical predictions. Unlike flat Cu surfaces or large Cu nanoparticles, where
H. was the major product at low overpotentials,®2° the CuszHzol12 cluster produced
HCOOH due to the presence of the negatively charged hydride. This is the first time that

lattice-hydride mechanism has been proposed for electrochemical reduction of CO, on a
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metal nanocluster. It is expected that the lattice-hydride mechanism can extend to other

hydride-containing transition-metal nanoclusters, for example hydride-rich Ag clusters.*°

8.5 Other electrochemical reactions

Oxygen reduction reaction (ORR) is a key reaction in the development of fuel cell
technology, and atomically precise Au and Cu nanoclusters have received research
attention as novel ORR catalysts. Chen et al. investigated Aui1, Auzs, Auss, and Aui4o
nanoclusters for ORR and found that the activities of the Au nanoclusters exhibited a
strong size dependence; the smaller nanocluster showed higher activity.*! They also
studied CunLs nanoclusters (n < 8, L = C7HgN.S) for ORR, and found that the onset
potential of O, reduction was comparable to that of Auii.*> Recently, they loaded
Aui2(p-MBA)44 nanoclusters onto porous carbon nanosheets, and found that the ligand-
off nanoclusters demonstrated excellent activity for ORR.*® Lu and coworkers studied
selective electrochemical reduction of Oz to H202 by using Auzs nanocluster. The
influence of the charge state of Auzs on the reactivity was observed; the maximum H20:
production rate was obtained from the negatively charged [Auzs].* Jin et al. recently
evaluated the electrocatalytic performance of the heavily Ag-doped [AgxAu2s—x(SR)18]™
nanoclusters (x ~ 21) for ORR and found that the ligand-off nanoclusters possess a much
higher mass activity than ligand-on nanoclusters.*® Besides ORR, Lee et al. evaluated
Auzs nanocluster as an electrocatalyst for the oxidation of ascorbic acid (AA) and
dopamine (DA). They observed a pH-dependent electrocatalytic activity and developed

an amperometric method for sensing AA and DA based on this feature.*°
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8.6 Future perspectives

The electrocatalytic applications of atomically precise metal nanoclusters are still in their
infancy, but the few recent examples discussed above indicate their great promise.
Looking ahead, we see several interesting directions to fully realize the potential of
atomically precise nanoclusters in electrocatalysis. First, synthesis of doped bimetallic
and trimetallic nanoclusters has advanced steadily in the past five years.*’2 In several
cases, their structures have even been solved. This provides a huge opportunity to
correlate their geometry structure, electronic structure, and electrocatalytic activity by
closely integrating theory and experiment. Second, the lattice hydride mechanism that has
been proposed for CO. reduction needs further experimental characterization such as
NMR and mechanistic investigation such as isotope labelling. Broadly speaking, the roles
of hydrogen and its interaction with the metal catalyst during CO2 reduction deserve
more attention. Third, more Cu-H and Ag-H clusters that have been synthesized recently
should be tested for CO: electroreduction given the recent success with Cus2HzoL12. TO
conclude, impressive progress has been made in the past few years in using atomically
precise Au and Cu nanoclusters for electrocatalysis, like a sun just emerging from the

horizon. We think that this is an area ready for accelerated growth, into a morning sun.
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Chapter 9

First Principles Insight into H2 Activation on the Surfaces of Different

TiO2 Polymorphs

Abstract

Hydrogen interaction with the TiO2 surfaces is important in many catalytic and
photocatalytic reactions. However, the mechanisms of H> dissociation on TiO; surfaces
remain unclear. Here, we study H» activation on the surfaces of different TiO-
polymorphs, namely rutile TiO2(110), anatase TiO2(101), and brookite TiO2(210), by
first-principles density functional theory (DFT). We find that for all the three surfaces the
heterolytic pathway is kinetically more favorable leading to a hydride and a hydroxyl,
although the homolytic dissociation of H> is thermodynamically more favorable leading
to two hydroxyls. For rutile TiO2(110) and brookite TiO2(210), the hydrides which are
produced by the heterolytic dissociation of H> can easily transfer from Ti to O, yielding
the homolytic products. However, for anatase TiO2(101), the barrier of hydrogen transfer
form Ti to O is very high. This indicates that hydrides on anatase TiO2(101) can be
kinetically stabilized. Thus, it is expected that hydrides on anatase TiO2(101) can be
detected experimentally. Our study sheds light on the mechanisms of H> dissociation on
TiO2 and provides rational for the existence of hydrides on TiO> or other reducible metal

oxides which may facilitate hydrogenation reaction.
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9.1 Introduction
Titanium dioxide (TiO>) is one of the most extensively investigated metal oxide materials,
due to its widespread use in many fields, e.g., catalysis, solar energy conversion, and
biomaterials.1* There are three main crystallographic forms for TiO,, namely, rutile
(tetragonal, P4,/mnm), anatase (tetragonal, 141/amd), and brookite (orthorhombic, Pbca).®
While rutile is thermodynamically the most stable bulk phase, most nanomaterials are in
anatase form.® Moreover, the anatase phase appears to be more stable than rutile below a
particle size of about 14 nm, which is due to the lower surface energy of anatase.’®
Among the three crystallographic forms of TiO2, brookite has been rarely studied and is
far less understood than rutile and anatase, mainly because of the difficulties in preparing
significant quantities of good-quality brookite TiO2.%1°

Hydrogen interaction with the TiO. surfaces is an important process in many
phenomena and applications.!*® It has been shown that molecular hydrogen does not
interact strongly with the rutile TiO2(110) surface,*®” while atomic hydrogen readily
sticks to the surface oxygen atoms.!82° Also, the hydrogenation of anatase TiO; surfaces
has been reported theoretically.?:** However, the mechanisms of H, dissociation on TiO-
surfaces haven’t been systematically studied and keep unclear. Molecular hydrogen
dissociation on metal oxides can go through homolytic or heterolytic pathway.?* The
homolytic (radicalary) dissociation of H> produces two H atoms at two O sites, leading to
the formation of two O—H groups. The heterolytic (polar) dissociation of Hz produces a
hydride (H") adsorbed on metal, and a proton (H™) adsorbed on O. So far, the mechanistic

proposal for Hz dissociation on metal oxides has been based on the infrared spectra. The
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presence of both O—H and M-H bands indicates the heterolytic pathway, while the
presence of only O—H bands indicates the homolytic pathway.?>2®

Based on the infrared spectra of TiO,, a homolytic pathway has been proposed for
H. dissociation on TiO;, since no IR signal can be attributed to the Ti—H bond.?®%
However, both low-energy ion scattering (LEIS) and electronically stimulated desorption
(ESD) indicated the presence of titanium hydride species.®12 In addition, recently by
using magic angle spinning nuclear magnetic resonance (MAS—'H NMR), attenuated
total reflection Fourier transform infrared (ATR-FTIR), and electron-spin resonance
(ESR), the accumulative formation of Ti—H species on the TiO2 surface has been
observed, and it is revealed to be the intrinsic cause of the power conversion efficiency
(PCE) failure of TiO,-based dye-sensitization devices.*

The great importance of hydrogen interaction with TiO> combined with the
contradictory experimental results of hydrogen on TiO2 surfaces motivate us to use
computational methods to shed light on this issue. In this work, we report a density
functional theory (DFT) study of H> activations on different TiO2> polymorphs, namely,
rutile TiO2(110), anatase TiO2(101) and brookite TiO2(210). Our theoretical results reveal
the mechanisms of H; dissociation on the TiO> surfaces, and have important implications
for the detection of hydrides on TiO: or other reducible metal oxides and the use of metal

oxide catalysts for hydrogenation reactions.
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9.2 Results and discussion

As discussed in the introduction, TiO; exists in three polymorphs (rutile, anatase, and brookite)
with different structural properties under ambient conditions. Rutile TiO2(110), anatase
TiO2(101), and brookite TiO2(210) surfaces are the most stable and usually most exposed
surfaces for each crystallographic form.3 Hence, in the present work, we examined H;

dissociation on these three surfaces, and Figure 9.1 shows their geometry structures.

Rutile TiO,(110)  Anatase TiO,(101) Brookite TiO,(210)

Figure 9.1. Top views of rutile TiO2(110), anatase TiO2(101), and brookite TiO2(210) surfaces. Ti, grey; O,
red.

9.2.1 H: dissociation on rutile TiO2(110). We first examined the homolytic and
heterolytic pathways on rutile TiO2(110) surface. The homolytic dissociation of H> takes
place on two contiguous surface oxygens, which gives rise to the formation of two O—H
groups on the surface. The heterolytic dissociation of Hx occurs on adjacent Ti and O

sites, which leads to the formation of the corresponding Ti—H and O—H bonds (Figure
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9.3 middle). The energy profiles are shown in Figure 9.2. As one can see, the homolytic
dissociation is highly exothermic (AE = -1.33 eV), while has a very high energy barrier
(Ea = 1.39 eV). The heterolytic dissociation, however, has a much lower energy barrier
(Ea = 0.37 eV), but is more thermonecutral (AE = -0.10 eV). This means that the
homolytic dissociation of H is thermodynamically more favorable, while the heterolytic
dissociation of H is kinetically most likely. More interestingly, we find that the hydride
(H") at the Ti site, which is produced by the heterolytic dissociation of Hz, can transfer to
O easily with an energy barrier of 0.99 eV. The transition state associated with this step
(TS3in Figure 9.2) is 0.60 eV lower than the transition sate of the homolytic dissociation
(TS2 in Figure 9.2). Thus, H> dissociation on rutile TiO2(110) surface does not go
through the homolytic pathway, but via a heterolytic pathway followed by the transfer of
hydrogen from Ti to O, finally yielding the homolytic product. This kind of mechanism

has also been proposed for CeO,(111) previously.®*
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Figure 9.2. Heterolytic pathway (black line) combined with the transfer of H from Ti to O (blue line) and
homolytic pathway (red line) for H, dissociation on rutile TiO»(110) surface.

H +H* 2H*

Figure 9.3. Optimized geometry structures of H,, H + H*, and 2H* on rutile TiO,(110) surface. Ti, grey; O,
red; H, green.

Figure 9.3 shows the optimized geometry structures of Ho, H + H*, and 2H" on
rutile TiO2(110) surface. To understand the extremely low energy barrier (0.37 eV) of the
heterolytic dissociation of Hz, as compared with the energy barrier (1.49 eV) of the
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homolytic dissociation, we calculated the partial atomic charges on the surface Ti and O
atoms of rutile TiO2(110). It is found that the charges on surface Ti and O atoms are
+2.012 |e| and -0.925 |e|, respectively. The oppositely charged Ti and O atoms can
generate a strong electric field, and polarize the adsorbed H2 molecule, eventually helping
the heterolytic dissociation of H,.3* This is supported by the charges on the two H atoms
of the adsorbed H> molecule: -0.032 |e| on one H, while +0.060 |e| on the other one. In
addition, the H—H bond is slightly weakened after the adsorption on the surface, as is

evident from its lengthening to 0.762 A in comparison with the gas-phase value of 0.752

A

9.2.2 H2 dissociation on anatase TiO2(101). Then we studied H. dissociation on
anatase(101) surface. As shown in Figure 9.4, the homolytic dissociation of Ha is
exothermic (AE = -0.56 eV), but has an extremely high energy barrier (Ea = 2.07 eV).
The heterolytic dissociation of Hz has a smaller barrier (Ea = 1.04 eV), but is
endothermic (AE = 0.46 eV). This is in the same scenario as rutile TiO2(110): the
homolytic pathway is thermodynamically more favorable, while the heterolytic pathway
is kinetically more favorable. However, the different thing is, the energy barrier for the
transfer of hydrogen from Ti to O on anatase TiO2(101) is very high (Ea = 1.68 eV).
Moreover, the transition state associated with this step (TS3 in Figure 9.4) has the same
energy as the transition sate of the homolytic dissociation (TS2 in Figure 9.4). This
indicates that hydrides on anatase TiO2(101) can be kinetically stabilized. Thus, it is

expected that these hydrides can be detected experimentally by *H-NMR or inelastic
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neutron scattering (INS). They can be also evolved in the hydrogenation reactions of C-C

or C-O multiple bonds.
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Figure 9.4. Heterolytic pathway (black line) combined with the transfer of H from Ti to O (blue line) and
homolytic pathway (red line) for H; dissociation on anatase TiO2(101) surface.

Figure 9.5. Optimized geometry structures of Hp, H + H*, and 2H* on anatase TiO»(101) surface. Ti, grey;
O, red; H, green.

Figure 9.5 shows the optimized geometry structures of H,, H + H*, and 2H" on
anatase TiO2(101) surface. The partial atomic charges on surface Ti and O atoms of

anatase TiO2(101) are found to be +2.009 |e| and -0.903 |e|, respectively. Therefore, like
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rutile TiO2(110), the oppositely charged Ti and O atoms can generate an electric field and

polarize the adsorbed H> molecule, benefitting the heterolytic dissociation of Ho.

9.2.3 Ha dissociation on brookite TiO2(210). At last, we compared the heterolytic and
homolytic pathways on brookite TiO2(210). As shown in Figure 9.6, just like rutile
TiO2(110) and anatase TiO»(101), the homolytic pathway is thermodynamically more
favorable, while the heterolytic pathway is kinetically more favorable. Specifically
speaking, the homolytic H, dissociation is exothermic (AE = -0.75 eV), but has a very
high barrier of 1.97 eV. The heterolytic Hz dissociation has a much lower barrier of 0.98
eV, but is endothermic (AE = 0.33 eV). Furthermore, the barrier of hydrogen transfer
from Ti to O on brookite TiO2(210) is 1.48 eV. The transition state associated with this
step (TS3 in Figure 9.6) is 0.27 eV lower than that of the homolytic dissociation (TS2 in
Figure 9.6). This indicates that, similar as rutile TiO2(110), H. dissociation on brookite
Ti02(210) surface is also via a heterolytic pathway followed by the transfer of hydrogen

from Ti to O instead of the homolytic pathway.
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Figure 9.6. Heterolytic pathway (black line) combined with the transfer of H from Ti to O (blue line) and
homolytic pathway (red line) for H, dissociation on brookite TiO2(210) surface.

Figure 9.7 Optimized geometry structures of Hp, H™ + H*, and 2H* on brookite TiO,(210) surface. Ti, grey;
O, red; H, green.

Figure 9.7 shows the optimized geometry structures of Hz, H + H*, and 2H" on
brookite TiO2(210). We also calculated the partial atomic charges on surface Ti and O

atoms of brookite TiO2(210), and it is found to be +2.012 |e| on Ti and -0.891 |e| on O.
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Similar as the above two surfaces, the oppositely charged Ti and O atoms can generate a
strong electric field, which will help the breaking of H—H bond to produce H  and H* on

the surface.

9.2.4 Comparison of rutile TiO2(110), anatase TiO2(101), and brookite TiO2(210).
The barriers of heterolytic H> dissociation on the three TiO. surfaces follow the trend of
anatase TiO2(101) > brookite TiO2(210) > rutile TiO2(110). This can be explained by the
polarization strength of the adsorbed H> molecules on the surfaces. We find that the
polarization strength of the H2 molecules on the three TiO> surfaces follows the opposite
trend (anatase TiO2(101) < brookite TiO2(210) < rutile TiO2(110)). This is evidenced by
the charge difference between the two H atoms and the H—H bond length of the H>
molecule (Table 9.1). The more polarized of the H, molecule, the easier of its heterolytic

dissociation.

162



Table 9.1. Comparison of the heterolytic H, dissociation on rutile TiO2(110), anatase TiO»(101),
and brookite TiO,(210) surfaces. Energy barrier (Ea), Bader charge on H1 (Pw1), Bader charge on
H2 (Pn2), charge difference between H1 and H2 (APw), and distance of H1-H2 bond (dhi-+2).

Rutile TiO2(110) Anatase TiO,(101) Brookite TiO2(210)

Ea/eV 0.37 1.04 0.98
Prz /lel -0.032 -0.001 -0.013
Prz /lel +0.060 +0.013 +0.045
APy/lel 0.092 0.014 0.058
drire /A 0.762 0.758 0.761

(free H, = 0.752 A)

The barriers of hydrogen transfer from Ti to O on the three TiO> surfaces follow
the trend of anatase TiO2(101) > brookite TiO2(210) > rutile TiO2(110). To understand
the relatively low barriers of hydrogen transfer on rutile TiO2(110) and brookite Ti02(210)
surfaces, we compared the transition states associated with this step on the three surfaces.
As shown in Figure 9.8, we find that the Ti-O pentagons (highlight in yellow circle) on
rutile TiO2(110) and brookite TiO2(210) helped the transfer of hydrogen from Ti to O.
Due to the absence of this unique structure, hydrogen transfer on anatase TiO2(101) is
very hard. We also tested the transfer of hydrogen from Ti to the three coordinated O,
then to the two coordinated O on anatase TiO2(101). However, the barrier also turned to
be high: the barrier of hydrogen transfer from Ti to the nearest three coordinated O is

1.67 eV.
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Ruti

Brookite TiO,(210)

Figure 9.8. Comparison of the transition states for H transfer from Ti to O on rutile TiO2(110), anatase
Ti02(101), and brookite TiO,(210) surfaces. The Ti-O pentagons are highlight in yellow circles. Ti, grey; O,
red; H, green.

9.3 Implications of H2 activations on TiOz. Our study of H. activations on TiO;
surfaces presents several interesting implications. First it implies that other reducible
metal oxides, which only show O—H bands in the infrared spectra, may also favor the
heterolytic dissociation of H, followed by the transfer of hydrogen from the metal site to
the O site rather than the homolytic dissociation of H.. Second, our study shows that the
mechanistic proposal of H dissociation based on the FTIR data for the reducible metal
oxides is not conclusive. This is because the above experimental observations are indirect,
and cannot provide evidence of the operating mechanism. Spectroscopic tools including
'H-NMR and INS can be powerful to detect the hydride species on the metal oxides. At
last, our study indicates that brookite TiO> (210) is more reactive than anatase TiO2 (101).

This is in agreement with a previous theoretical study of water and formic acid adsorption
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on anatase TiO (101) and brookite TiO2 (210) surfaces.® Brookite TiO2(210) has the
same structural building block as anatase TiO2(101), but the interatomic distances are
slightly shorter and the blocks are arranged in a different way. Here we find that the
junctions between different structural unites on brookite TiO2(210) are the active sites for

the transfer of hydrogen.

9.4 Conclusions

We have investigated the mechanisms of H: dissociation on different TiO2 polymorphs,
namely rutile TiO2(110), anatse TiO2(101), and brookite TiO2(210), by first-principles
DFT. We find that for all the three surfaces, although the homolytic dissociation of Hy is
thermodynamically more favorable, the heterolytic pathway is kinetically more favorable.
For rutile TiO2(110) and brookite TiO2(210), the hydrides which are produced by the
heterolytic dissociation of H. can easily transfer from Ti to O, finally yielding the
homolytic products. However, for anatase TiO2(101), the energy barrier of hydrogen
transfer form Ti to O is very high. This indicates that hydrides on anatase TiO2(101) can
be kinetically stabilized. Thus, it is expected that hydrides on anatase TiO2(101) can be
detected by *H-NMR or INS. In addition, the hydrides can be also evolved in the
hydrogenation reactions of C-C or C-O multiple bonds. Our study sheds light on the
mechanisms of H> dissociation on TiO., and provides valuable guidelines to experimental
researchers for the detection of hydrides on TiO> or other reducible metal oxides and the

use of metal oxide catalysts for hydrogenation reactions.
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Chapter 10

Conclusions

We have employed first principles density functional theory (DFT) techniques to
investigate how hydrogen interacts with various materials, including cobalt phosphide
(CoP), h-BN monolayer supported on transition metals (h-BN/metal), atomically precise
gold nanoclusters, and titanium dioxide (TiOz). For the solids and surfaces, we used the
Vienna ab initio simulation package (VASP)! to perform DFT calculations with periodic
boundary conditions (PBC) and plane-wave basis sets. The Perdew—Burke—Ernzerhof
(PBE) form of the generalized gradient approximation was used for electron exchange
and correlation.? The ion-electron interaction was described by projector augmented
wave (PAW) method.® For the molecules and nanoclusters, we used the Turbomole
program (Version 6.5)* without the periodic boundary conditions at the same DFT-PBE
level with the def2-SVP basis sets.”

Chapter 2 presents the interaction between hydrogen and the low-Miller-index
surfaces of CoP, including (111), (110), (100), and (011). We find that the (111) surface
of CoP is the most promising facet for high and long-lived HER activity. The key feature
of hydrogen adsorption on the (111) surface is that both Co bridge sites and P top sites
are able to adsorb hydrogen with close-to-zero AGH and that there is a synergy of Co and

P atoms in adsorbing hydrogen.
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In Chapter 3, we investigate the interaction between hydrogen and h-BN/metal
systems (metal = Ni, Co, and Cu). We find that hydrogen adsorption is greatly reduced
on the h-BN/metal surface, in comparison with hydrogen adsorption on the pure metal
surface. This different adsorption leads to selectivity control for HER vs. CO reduction.
We find that h-BN/Ni and h-BN/Co can be very good electrocatalysts for CO2 reduction
to HCOOH by avoiding HER.

Chapter 4-7 present our study of atomically precise gold nanoclusters, which are a
new class of catalysts. In Chapter 4, we study the thiolate-gold interface and find that the
interfacial structures of thiolates on gold are surface sensitive. With this surface
sensitivity, we categorize the structure-known Aun(SR)m clusters into three groups: (1) no
bridging; (2) ambiguous bridging; (3) distinct bridging. To understand HER on the
thiolate-protected gold nanoclusters, in Chapter 5, we study how hydrogen interacts with
[Auzs(SR)16]% clusters (g=-1, 0, +1) and monoatom-doped bimetallic [M1Au24(SR)1g]?
clusters (M=Pt, Pd, Ag, Cu, Hg, Cd, and g=-2, -1, 0). We find that hydrogen behaves as a
metal in these clusters and contributes its 1s electron to the superatomic free-electron
count. By calculating AGH, we predict that PtAu24(SR)1s, PdAu24(SR)1s, and
CuAu24(SR)1s clusters can be very good electrocatalysts for HER. Unlike the above
thiolate-protected gold nanoclusters, where the surface gold atoms are fully coordinated
by the thiolate ligands, the Auz(L8)s cluster (L = 1,8-bis(diphenylphosphino) octane) is
unique in that it contains eight coordinatively unsaturated (cus) gold atoms. In Chapter 6,
we investigate the interaction between hydrogen and the Auz(L8)s cluster. We find that

the eight cus Au atoms in the Auz(L8)s cluster can adsorb hydrogen stronger than Pt,
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thereby being a potentially promising catalyst for HER. In addition, we find that
hydrogen behaves as a hydride or electron-withdrawing ligand in the Auz(L8)s clusters,
in contrast with the metallic hydrogen in thiolate-protected Au nanoclusters. The
electrocatalytic applications of atomically precise metal nanoclusters have shown great
promise, so in Chapter 7 we highlight recent advances in electrocatalysis by atomically
precise metal nanoclusters for water splitting, CO2 reduction, and some other reactions.

So far we have discussed hydrogen interaction with zero-dimensional (Au
nanoclusters), two-dimensional (h-BN monolayer), and three dimensional (CoP)
materials. Hydrogen interaction with metal oxides is of growing interest recently. TiO: is
one of the most important and extensively studied metal oxides. Chapter 8 presents the
interaction between hydrogen and TiO. surfaces. We find that, for rutile TiO2(110),
anatse TiO2(101), and brookite TiO2(210), although the homolytic dissociation of H is
thermodynamically more favorable, the heterolytic pathway is kinetically more favorable.
Moreover, we find that hydrides on anatase TiO2(101) can be kinetically stabilized. Thus,
it is expected that hydrides on anatase TiO2(101) can be detected by *H-NMR or INS.

In conclusion, we have studied hydrogen interaction with different catalytic
systems from first principles DFT. Our study has important implications for the use of the
catalysts for HER, CO. reduction, and H: activation. Here are several key points | have
learned from the projectes: (1) Interface engineering can be a very powerful method to
tune the electronic structure and reaction activities of the catalysts. For example, Ni is a
good catalyst for HER, however, after the interface/surface engineering with h-BN

monolayer, it becomes a good catalyst for CO> reduction. (2) In the metal nanoclusters,
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hydrogen-metal interaction is very flexible. Hydrogen can behave as a metal in thiolate-
protected gold clusters, and behave as a hydride in phosphine-protected gold clusters. (3)
Creating cus metal sites in the metal nanoclusters is critical to improving their abilities
for activating small molecules. It has been shown that the eight cus gold atoms in the
Aux (L8 cluster can be very promising for catalysis. (4) Hydrides can be stabilized on
the metal oxide surfaces. Therefore, metal oxides can be also used as hydrogenation
catalysts. Looking into the future, molecular dynamics and multi-scale modeling can help
us have a deeper understanding of the processes of hydrogen interaction with the

materials.
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