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Summary

The lack of efficient hydrogen storage materials himdered the potential use of
hydrogen as fuel for transportation, personal edeats and other portable power
applications. Hydrogen spillover has been expertaign demonstrated to be an
effective approach for hydrogen storage applicatioio have a fundamental
understanding of the hydrogen spillover mechantbmoretical investigations on the
doping effect and the kinetic issues of the hydnogi®rage by spillover on graphene
and boron nitride sheet have been carried outigthiesis.

By incorporating boron into the graphene sheet, BB&ICulations have shown
that B-doping can effectively enhance the hydrogésorption strength of graphene.
Compared with the undoped case, the metal cat@Btst has higher stability on
B-doped graphene, where more tdolecules can readily dissociate into H atoms on
the supported metal cluster, which then servessasaaly H source for the subsequent
H migration process. The estimated activation bafior H migration from metal to
substrate is much lower than that for the undopesk.cThe Bg sheet with boron
atoms uniformly distributed is then investigated:cérding to our calculations, the
activation barriers for both H migration and diffus on the BG sheet are less than
0.7 eV, thus more hydrogen can adsorb on B-dopagdhgne than on the pristine
graphene under ambient conditions. Our theoretesiilt is a good support of the
experimental findings that B-doped microporous ocarlhas an enhanced hydrogen
storage capacity. With proper metal catalyst, th&; Bheet could be a potential
candidate of hydrogen storage material.

Further investigations on the N-doped graphene shimat the pyridinic-N
doping is the favored method for hydrogen spillovather than the graphitic-N
doping. Higher stability of metal catalyst and malissociated hydrogen can be
obtained on the pyridinic-N doped graphene, contpavich the graphitic-N doped
case. The activation barrier for H migration frohe tPj cluster to the pyridinic-N

doped graphene is estimated to be around 1 e\Watdg that pyridinic-N doping
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could be an effective approach in modifying graphsiurface for hydrogen storage
applications by H spillover, and further improvernen the H spillover kinetics for
N-doped graphene is highly desired.

As an analogue of B/N-doped graphene, C-doped bnitoidle sheet has also
been investigated on the H spillover effect. Rapgmne N by a C (BN-Q is
favored over replacing one B by a C (BM)Con the BN sheet. However, the
estimated activation barrier for H migration fronetal to substrate is as high as ~ 1.4
eV for the BN-G sheet, indicating the difficulty for the hydrogguilover at ambient
conditions. Therefore, graphene based materials Advantages over BN sheet based
materials for hydrogen storage applications by Hosfer.

Another form of BN materials, the boron nitrideléuene, has been studied on
the hydrogen storage properties. First-principsiudations show that C-doping has
great tunability of the thermodynamic propertiesBiN fullerenes, and theBN;.C
compound is predicted to be able to reversiblyestgr to 7.43 wt% hydrogen under
ambient conditions. Further investigation on thdregenation kinetics shows that the
hydrogenation reaction on C-doped BN fullerene imetal free and self-catalyzed
process, in which the Hnolecule can be effectively dissociated on thedinaas an
activation center, with the corresponding activati@rrier for the KB chemisorption
substantially lowered, compared with the pristind Billerene. A clear curvature
effect is found for the hydrogenation of the BNIdvéne, that small BN nanocage
with large curvature is favorable for practical Bggtions as hydrogen storage
material. We hope that our research work will steteithe experimental effort in this

direction.
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Chapter 1

Introduction

Hydrogen has been considered to have the longtetential to provide a more
secure, sustainable and affordable energy futuréndiman beings. To achieve this
promising goal, plenty of time, effort and moneywé&deen devoted to accelerate the
implementation of the hydrogen energy chain in aaity life. In this chapter, we are
going to have a brief view of the hydrogen fuel astdte its advantages over the
traditional fossil fuels. With a focus on the hygem storage, the middle link in the
hydrogen energy chain, the critical challenges smuie potential candidates for the
hydrogen storage materials will be reviewed. Finalle shall have a look at the

theoretical efforts in exploring the hydrogen sgranaterials.

1.1 Hydrogen energy chain

The world is developing at an unprecedented pammédndous changes in our
ordinary life have taken place, along with the dgmiogress in science and technology.
Nowadays, there is a great abundance of matenadlsvaalth in the economic life. At
the meantime, the demand for material wealth irsgealaily as the global population
grows. However, the material production is at thgemse of energy source
consumptions and the contradiction between theetleghlsources and the growing
needs for energy is more and more sharpening.

The primary energy consumptions all over the warlel based on the fossil fuels,
which include coal, oil and natural gas. The fofsdls are usually formed through
complex geological processes over millions of ye&isce they are unrecoverable
once used up in a short period on the geologicaé tscale, the fossil fuels are
non-renewable energy sources. As a result, thegotfossil fuels, especially the oil
prices, rise fast while their reserves decline loa ¢arth. Since the distribution of
fossil fuels on the earth is nonuniform, many caesthave to spend an enormous

amount of money on the energy import every yeais Ehcertainly a great burden for
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the economy of these countries. Sometimes, ther@sen geopolitical issues raised
by the conspiracy to plunder these limited resairéairthermore, the fossil fuels
have high concentrations of carbon; hence the bgraf them will give off plenty of
carbon dioxide, one of the greenhouse gases. 8iecemitted carbon dioxide is too
much to be absorbed by nature, it aggravates titeablvarming and the climate on
the earth becomes abnormal as a consequence.

To solve this series of problems, people begamtbdther energy sources as the
alternative to the fossil fuels. Hydrogen, whictaimindant in water and many organic
compounds, has later been considered to have ampeatial to change the current
energy chain status quo. A big advantage of hydrayer the fossil fuels is that the
combustion of hydrogen will only produce water dwa@t, without emissions of other
pollutant gases like carbon dioxide. In additidre hydrogen can be combined with
oxygen to generate electricity with high efficienoythe fuel cells, which then can be
incorporated in many end applications such as panmation, portable electronics and
stationary generation. Therefore, in the long amenergy chain based on hydrogen

(Figure 1.1) should be like:

Wind Stationary Generation
production storage application

Figure 1.1 The hydrogen energy chain in the longte
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(a) The hydrogen is produced from some renewal#eggrsources such as solar
or wind energy through the electrolysis of wateq ¢he biomass via photosynthesis;

(b) The produced hydrogen is then stored into sstmge medium in the form
of gas, liquid or solid;

(c) Eventually hydrogen is released from the steragpdium to be used in fuel
cells for power supplies, and the resultant wader lee recycled for another hydrogen
production.

In this way, from production, to storage, and telegation, a sustainable hydrogen
energy chain is established, which will greatlyues our dependence on oil and the
emission of pollutant gases.

However, the energy revolution doesn’t happen agétnThere are still lots of
difficulties to overcome. Right now, the technokegjifor hydrogen production from
renewable energy sources still need much improvemenorder to increase the
energy transfer efficiency and lower the productomst. The relative infrastructure
for fuel cell vehicles and stationary applicatiosigar yet to meet the requirements for
the energy transfer from fossil to hydrogen. Astfee hydrogen storage, the lack of
effective storage media for on-board applicatioas greatly hindered the potential
use of the hydrogen fuel. Since the topic of tlhigsts is related to the hydrogen

storage materials, | will discuss this point espkgin the following sections.

1.2 Hydrogen storage

As the middle link of the hydrogen energy chainditomgen storage has attracted
much attention of research scientists. Currenttg tmain methods for hydrogen
storage are limited to compressed gas and liquefacOn one hand, the tank for
storing the compressed hydrogen gas usually isuléf $ize, which is not appropriate
to be carried by electrical vehicles and portalzteonics using fuel cells; on the
other hand, the liquefaction of hydrogen requiresrgy to cool it down to a very low
temperature (~ 20 K), thus a large energy losseviiable during the process. To

facilitate the use of hydrogen fuel for on-boarglagations, solid materials that can
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bind or adsorb hydrogen and liquid hydrides, aenthighly expected to meet the

critical hydrogen storage challend&swhich involve high hydrogen storage capacity,
ambient conditions operation, reversibility of stge and fast charge/release kinetics.
In the following, | will give a brief account of s potential candidates for hydrogen

storage materials, and state the pros and corecbflend.

1.2.1 Sorbents

The sorbent materials are usually nanoporous nadédenvhich can physically
adsorb hydrogen molecules via van der Waals intierexc These materials have large
surface areas and can store hydrogen with readgrsibiity. However, the
physisorption energy of Hs so weak (~ 1 kcal/mol) that low temperatures 7-K)
are needed for the materials to achieve a reasmhghiogen content.

Carbon-based materid!§, organic polymers® and metal-organic

frameworks® 2

in terms of sorbents have received extensive tigaons. It was
reported that the heat of adsorption of isl related to the pore size of the sorbent
materials*® and the zeolite-templating method, which usesitestructures as a
template to form microporous carbons, seems to fQeoa approach to control the
pore size of materials. The hydrogen storage cgpati6.9 wt% was achieved at 77
K and 20 bar on such kinds of zeolite-like carboaterials® Alternatively, organic
polymers with intrinsic microporosity can also haueable surface area and pore size.
Such kinds of polymers are rigid and contorted maciecules, made of small
organic molecules, which can link with each otleeptoduce microporosity and even
ultramicroporosity, Recent research reported that the hydrogen stemagent could
reach up to 6.1 wt% at 77 K and 1 bar for lithiuopdd microporous organic
polymers? Similarly, organic molecules can also link betweeetal ions or clusters
to form metal-organic frameworks (MOF), whose pdyosan be modulated with
different metal and organic bridges for hydrogemrage application® The
incorporation of proper cations into the pores dMcan form a kinetic trap forH
with increased heat of adsorptithnHowever, the hydrogen gravimetric capacity of

MOF is usually low due to the inclusion of metailghich still needs further
4



optimizations for practical applications.

Recently, as an effective approach for hydrogeragi®at ambient temperature,
hydrogen spillover has been experimentally dematesirby Yang and co-workers on
many sorbent materials, including graphite nanofibe carbon nanotube$;'®

® metal-organic framework§'® and covalent-organic

activated carbon¥;
frameworks:® In these experiments, carbon substrate materiais doped with metal
catalysts, which dissociated the, lholecules into H atoms. Then the H atoms
migrated from metal to the supporting carbon materand further diffused on the
carbon substrate. With this hydrogen spillover pss¢ significant enhancements of
hydrogen uptake at 298 K by a factor of ca. 3 wayserved, and the storage was
found to be reversible with fast rates. Since tpélaver process involves H
dissociation on the metal and H diffusion on thésttate, the overall heat of
adsorption of hydrogen on the sorbent materials marseen as a combination of
chemisorption and physisorption, which will faalé the hydrogen storage

applications at ambient conditions. As the mainaap this thesis, hydrogen spillover

will be discussed in detail later in several chegpte

1.2.2 Metal hydrides

Different from the physisorption manner of sorberaterials, metal hydrides as
potential hydrogen storage materials rely on chemtfon to reversibly store
hydrogen. Since the chemical interaction betweetalnaed hydrogen is strong, metal
hydrides are stable at ambient conditions. Howevigh temperatures (> 150) are
usually required to release the hydrogen. The lgehrgravimetric capacity of metal
hydrides is not high due to the existence of reddyi heavy metals. The
dehydrogenation and rehydrogenation kinetics of amdtydrides also need
improvement for practical applications.

Sodium alanate (NaAlk) is a well-known metal hydride, which can revelgib
store ~ 3 wt% of hydrogen, when doped with titanioompound$® The catalytic
titanium compounds can significantly enhance theetkcs of dehydrogenation and

rehydrogenation of NaAlld Later investigation found that further improvermen
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dehydrogenation kinetics could be achieved by duoing titanium catalyst into the
NaAlH, host with dry doping method instead of the wet dgphethod To increase
the hydrogen gravimetric capacity of materialshiigveight elements such as boron
and nitrogen are introduced to form complex metalridles. By properly choosing
the reaction couples of two hydrides, reversibleydeogenation can be achiev&d’

It was reported that mechanically milled mixturéd.®H 4, and MgH can reversibly
store 8-10 wt% hydrogen at 350-4%0;, however, the reaction rates are too low for
practical application$® Direct thermal decomposition of some complex metal
hydrides is another way to release hydrogen rebgrsi %° Recently,
dehydrogenation of solid state Mg(Bk was reported to occur at 200, and the
reverse process takes place at 25Qunder 120 atm §i with a 2.5 wt% hydrogen
cycling capacity® The thermodynamics for the reverse reaction w#l imore

favorable if a less stable metal hydride is fornrethe decomposition process.

1.2.3 Chemical hydrides

Similar to metal hydrides, chemical hydrides alsplement the chemisorption
manner as a potential hydrogen storage materiateShey typically consist of light
elements such as boron, carbon and nitrogen, tleenical hydrides can have
relatively high gravimetric capacity of hydrogeno &achieve the reversibility for
practical applications, usually the Gibbs free ggdnG) for the dehydrogenation of
chemical hydrides is required to be near zero, wWith corresponding reaction
enthalpy AH) being slightly positive. The reaction kineticsasother challenge for
the chemical hydrides to meet.

As typical chemical hydrides, cyclic organic molesuhave been proposed for
hydrogen storage applicatiofisSince the dehydrogenation reaction of such organic
hydrides is highly endothermic, metal catalysts higth temperatures (> 20Q) are
needed to facilitate the hydrogen release. Lateestigations showed that the
incorporation of nitrogen atoms into the organiclecales could greatly change the

reaction chemistry of the materidfs.?® The N-containing heterocyclic organic



hydrides can release hydrogen at 1X0, with the dehydrogenation both
thermodynamically and kinetically improved, compmhneith the undoped cagg.
Furthermore, the co-doping of boron and nitrogehens the B-N bond replaces the
C-C bond of the organic molecule, also shows graaability of the
thermodynamical properties of the mateffal.

Ammonia borane (EN-BH3, AB) is another appealing chemical hydride and has
received particular attention for hydrogen storagplications’™ ** The big advantage
of AB is that it possesses approximately 20 wt%rbgdn, an extremely high energy
density. The existence of both hydridic (B-H) andtig (N-H) bonds in AB also
facilitates the hydrogen release process. Howgwee AB has slow hydrogen release
rate and its regeneration efficiency is also a lgmobto solve. lonic liquids (IL) were
reported to be advantageous media for AB dehydiatige Upon heating at 8%,
the ammonia borane in IL began to release hydragenediately, while the solid
state AB needed an initial induction period befoyelrogen production. In addition,
more hydrogen were produced by AB in IL, compareth whe solid state AB case.
Alternatively, using strong Lewis or Brgnsted actdsild also promote the hydrogen
release from AB, however, the efficient way to memte AB is still not cledf
Recently, quantitative conversion of AB spent fivaks demonstrated to be possibile.
After 24-hour treatment of the highly dehydrogeda# with hydrazine (MH,) in
liquid ammonia (NH) at 40°C, AB could be regenerated with a conversion rate of

92%, which shed light on the development of AB regation methods.

1.3 Material simulations on hydrogen storage propey

Besides the experimental effort in exploring apgdlle hydrogen storage
materials, more and more studies have turned torehieal simulations on the
hydrogen storage properties of materials. As thapeder technology develops fast,
material simulations have become the virtual expents for the scientists who can
save cost and time in studying interested progedfematerials. Since this thesis is
based on the computational study of hydrogen storagterials, | will talk about

some commonly used computational methods for imyastg hydrogen storage
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materials in the following. We will see how theatat work helps the real
experiments in materials design and synthesis.

Grand canonical Monte Carlo (GCMC) simulations haeen widely used to
study various sorbent materidl$®>°In GCMC simulations, by randomly distributing
the H, molecules all around the sorbent materials, the sdsorption amount of H
can be obtained when the simulated system reachesibeéum at the fixed
temperature and pressure. If the employed fordesfidescribing the interactions
between H and sorbent, as well as, ldnd H are accurate enough, most GCMC
results of H uptake isotherms can have good agreements withexperimental
measurements. A big advantage of simulation stadyat, the structural models of
sorbent materials can be easily built in the compyirograms, and one can
implement many strategies to design new hypotHetiederials with high hydrogen
storage capacity through simulations, which helgs éxperiments in synthesizing
most promising hydrogen storage materfals.

Reaction kinetics is a key issue for hydrogen g@rapplications. However, it is
difficult for the experiments to characterize themscopic behaviors of hydrogen in
the storage media. In this aspect, molecular dyoear{MD) simulations are very
helpful in investigating the diffusion mechanisnfshgdrogen storage materidfs*
By numerically solving the Newton’s equations of tan for a system, the
trajectories of the atoms and molecules in theesystan be determined in MD
simulations, thus the evolution of the system carrdalized at certain temperature
and pressure. A good example of using the MD sitimian the study of diffusion
mechanisms is that, the diffusion of Allacancies rather than NaH vacancies has
been identified to be the rate-limiting step foe tdehydrogenation of Ti-doped
NaAlH,, since the calculated activation barrier for teeamposition of NaAll via
the AlH;vacancy is in good agreement with the experimetta#?® Moreover, the
structure stability can also be tested for the psegd hydrogen storage materials via
MD simulations. Whether the materials are capallestoring high amount of
hydrogen under ambient conditions would be cleaemafter the simulatiofi$.**

Density functional theofy" *® (DFT) is the most popular calculation method used
8



to study hydrogen storage materials. By solving Slsbrodinger equation, which is
expressed by electron density of the system, tta éoergy of the system at 0 K can
be calculated by DFT. In this way, the binding gyeof hydrogen in the storage
medium can thus be obtained, which can be useditle ghe design of materials with
favorable hydrogen binding strendth?® Since the theoretical calculation is based on
the structural model of the material, structuredpton via DFT is also possible for
some hydrogen storage materf&ts?In addition, by evaluating the vibrational modes
of the system, many thermodynamic properties sscanéropy, enthalpy, Gibbs free
energy etc. can also be obtained for the matetat¥er certain temperature and
pressuré’ Therefore, DFT becomes a powerful tool in effitierscreening potential
metal hydrides with favored reaction thermodynamics hydrogen storage
applications? New ideas on the material designs are also readdted by DFT
calculations, due to the easy modifications of citmal models in the computer
programs. For example, chargifignd electrical fielf are theoretically predicted to
be effective approaches in achieving high hydrogferage capacity, which provides

new thoughts for experiments in designing hydrogfenage materials.

1.4 Summary

Hydrogen fuel has been considered to be a promisitgrnative to the
traditional fossil fuel for many practical applicats. However, the lack of efficient
storage material, which can reversibly store hydrogvith high amount and fast
kinetics under ambient conditions, has greatly éed the massive use of the
hydrogen fuel. Several potential candidates of bgdn storage materials such as
sorbents, metal hydrides and chemical hydrides hexaved intensive investigations,
and great achievements have been made on matgslarations in the last few years,
yet further improvements on the hydrogen storaggpgmties of these materials are
still needed. As a complementary approach to thegemxental study, theoretical
simulation has played an active role in materiaigies, which saves the experimental

cost and time in synthesizing potential hydrog@enagfe materials.



Chapter 2

Overview of Density Functional Theory

The theoretical calculations in this thesis areetasn the density functional
theory (DFT) method, which becomes popular for mgmany-electron Schrodinger
equations with the development of modern compwehnology. In this chapter, we
will have a general introduction to the densitydtional theory. At first, we will have
a look at Thomas-Fermi approximation and HartreekF@pproximation, two
commonly used methods trying to deal with manytetec systems before the
emergence of DFT. Then Hohenberg-Kohn theoremsKaoh-Sham equations will
be stated, they establishing the theoretical baEi®FT. At last, two important
approximations for DFT, local density approximat{&A) and generalized gradient
approximation (GGA), as well as the popular hybfichctional B3LYP will be

outlined.

2.1 Thomas-Fermi approximation

The first attempt to treat many-electron Schrodingguations as density
functionals can be backdated to the Thomas-Fermproxpmation, which is a
semiclassical approximation by assuming the unifdistribution of electron¥> For
a uniform electron gas, the total number of theted®sN can be expressed as:

V V

N=2 2
(2m) 3T

* amk2dk = —— K®
IO 4 =7 Ke, (2.1)

where k: is the Fermi momentum. Thus, the electron demstign be obtained:

N K

vV 37 (2:2)

The kinetic energy of thill-electron systert is given in a similar form to Eq. (2.1):

V ke T2k 2 Vi?
G Jo g k= Tk @)

o 2m 10ms7

By substituting Eqg. (2.2) into Eq. (2.3), we canéta
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T = N§hk
5 2m

If the density locally depends on the positiofr) , and assuming the Eq. (2.2) still

(2.4)

applies, then the kinetic energy of the system &

3h2 213 5/3
TIn =2 —(3m) [ n(n)*d ¥ 25)

where the kinetic energy[n] is a functional, function of function. The kinetic

energyT is a function of the density, andn is a function of the position, so the

kinetic energy is a density functiondl[n] .

Under the Thomas-Fermi approximation, the exterpatential and the
electron-electron Coulomb interaction of the syst&m also be expressed as density
functionals, thus the many-electron Schrodinger abqn becomes a density
functional and can be solved with ease. Howevercesithe kinetic energy is
approximate and there is not much considerationhef exchange and correlation
energy of electrons, Thomas-Fermi approximationssally used to get qualitative

trends and is not suitable to obtain quantitatesailts for realistic systems.

2.2 Hartree-Fock approximation
The exact electron exchange energy is included he Hartree-Fock
approximation, which assumes the antisymmetric wanvetion of theN-electron

system can be represented by a Slater determinaht:

wl(xl) ¢’1(X2) wl(XN)

W -..X):iwz(xl) Yo(X) o WXy)
SRC TN I : |, 26

wN(Xl) wN(Xz) wN(XN)

where x is the spin-orbital coordinate of thgh electron, andy, is the

corresponding single electron wave function, satigf the condition of

orthonormality:
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Under the Born-Oppenheimer approximatiBavhich assumes the nuclei of the
system are static with respect to the electronsesihe nuclei are much heavier than

the electrons, the Hamiltonian for the electronatomic units is as follows:

H = Z(‘ 0f - Z| | Z

(2.8)
| J#i ‘r ‘
where ther, and R, denote the positions of the electrons and nuelspectively,

and the Z_ refer to the nuclei charges. Then the expectataunevof the energy of

the system can be determined as:

E=(Wis|H W) ij (x)(——DZ z| |wx>d3

—Zm‘l/( )I \w (x)\ d*xd’x’ . (2.9)

| j#i

>3 [ oow (x)| 7 0, (X

| j#i
In Eq. (2.9), the first two terms on the right haside represent the electron kinetic
energy and the external potential generated bicstatlei of the system, respectively.
The third term is the electron Coulomb interactiand the fourth term is called the

electron exchange energy, which is due to the yantisetry of the electron wave

function. By using variational principleé*—E=O to Eq. (2.9), we can get the

ay; (%)

Hartree-Fock equation:
{ Z|r_ Zj|r A () d x'}p(x)
—Z{jw( ) |w(x)d3 }wj(x):eiwi(x)

(2.10)

where & is the Lagrange multiplier. The Hartree-Fock epumatan be solved by a

self-consistency iterative procedure, so the Herffeck method is also called the
self-consist field method (SCF).

According to Pauli’s exclusion principle, two elexts with the same spin may
12



not occupy the same quantum state simultaneouk8refore, the two electrons with
the parallel spin separate from each other, arsl @fiect has been well taken into
account as the electron exchange energy in theddaFock approximation. For two
electrons with opposite spins, since they are im dnthogonal states, they would not
produce electron exchange energy. However, twarelex with opposite spins do
correlate with each other, and the correspondiegtien correlation energy has not

been included in the Hartree-Fock approximation.

2.3 Density functional theory
2.3.1 Hohenberg-Kohn theorems

In 1964, Hohenberg and Kohn put forward that theugd sate properties of an
N-electron system can be uniquely determined bgléstron density and the energy
of the system is a functional of the density, wittee ground state energy
corresponding to the ground state density, whiah called the Hohenberg-Kohn
theorems?

For anN-electron system, the stationary Schrédinger eqnas:

HW = (T +V +U)W = Z—%D?+ZV(ri)+—lzr—lr‘ v=EY, (210
i i i (T

whereT is the electron kinetic energy(r) is the external potential generated by static
nuclei, and U is the electron Coulomb repulsionrgyerhen the electron density can
be given by:
n(r) :jd3r2jd3r3--.jd3rN W) (2.12)

Since the external potenti®l{r) is system dependent and differ&fft) would result
in different ground state wave functiow , the V(r) should be uniquely determined
by n(r) according to Hohenberg-Kohn theorems. This caprbeed as followings.

Suppose there are twidi(r) and Vo(r) giving the samen(r), and they are

associated with different Hamiltonians, groundestative functions and energies by

Hi; andH,, W, and W,, andE; andE; unlessVi(r)- Vo(r)=const. Then we can have

E, =(W IH W) <(W,[H |W,)=(¥,H ,~V+V, W }, sowe can get
13



E, <E, +J'd3r(\/1—V2)n(r) . (2.13)
Similarly, we can also have
E, < E1+jd3rN2 ~v)n(r). (2.14)
Combining Eqg. (2.13) and (2.14), we get the follogvcontradiction:
E,~E, <[d(V,-V)n(r) <E,~E,. (2.15)
Hence, we prove that the external poten¥@) is a unique functional of the density

n(r). SinceV(r) determines the Hamiltonian of the systeimwhich determines the

ground state wave functio¥ , the ground state is also a unique functionalhef t

density W[n| .
From E=(W[n]|H|¥[n]), we can see that the energy of the system can also
be expressed as a functional of the density:
E[n =T +U 1 +Id3r\'( D, (2.16)
where the functiongE[n] can be minimized to the ground state energy va#ipect to

the density, subject to the constraiﬁd3rn(r) =N.

2.3.2 Kohn-Sham equations

By using the density functional to describe titelectron system, the ground
state properties of the system are then only depenah the electron density with 3
spatial coordinates, which is much simplified conmgglawith the original problem of
N electrons with Bl degrees of freedom. However, the form of the gnéugctional
E[n] is unknown, so EQ. (2.16) remains to be unsokabl 1965, Kohn and Sham
developed several equations, which can self-cangigtsolve the density functional
equations of aM-electron system by using an effective potentighwhe analogue of
the noninteracting electron system. These equatians called Kohn-Sham
equationg?®

For the system dfN interacting electrons, the corresponding energytional

can be written as:
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1
r=rf

E[n] =T A +jd3rV( N +%Hd3rd3r' nr) (N +EJd, (2.17)

where the first tern[n] is the kinetic energy of the noninteracting elentgas, the

second term is the external potential energy, thel tterm is the Hartree energy
describing the electron Coulomb repulsion, and l#st term is the exchange and
correlation energy, which contains all the otheergg contributions that are not
included in the first three terms. To solve thisnpéex N-electron problem, let us first

look at the noninteracting electron system whosgggnfunctional is:
E[n] =T[A +J'd3rV( N . (2.18)
Using variational principle, we can get

oT[n|
on(r)

+V(r) = un(r), (2.19)

where g is the Lagrange multiplier. We know that the gmdustate of the

noninteracting electron system can be expressediater determinant, in which the

single electron wave functions satisfy:

[_%Dz +V(r)}//i (1) =&y;(r). (2.20)
Then the ground state density of the system isngbye
n(r) =Y e ([ (2.21)
Now we use variational principle to Eq. (2.17):
or[n| s w1 OE [n]
+V(r)+|d’r'n(r +—=>==un(r), 2.22
) "+ = om0 (2.22)
and define the effective potentMk(r) as:
w1 OE,.[n
V,, (r):V(r)+J'd3r n(r )|r_r,|+ 5n(£)] . (2.23)

]

Then Eqg. (2.22) turns to bé;m +V, (r) = un(r), which has a similar form to that

n(r)

of Eqg. (2.19). The analogue of Eq. (2.20) should be
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[_%DZ + Ve (r)}/ﬂ (r) =&y (r), (2.24)

where ¢, (r) still satisfies Eq. (2.21). Now combining Eq. (P)2(2.23) and (2.24),

the electron density(r) can be obtained iteratively, and the total eneofjythe

N-electron system is given by:

1 1
E=) &-=[|dd’'n(r)——n(r)+E_[n] - [d’V, n, 2.25
2a=5ll () 2O+ Bl fdrv i,  (2.25)
where V,[n] =55EX—E[;]] is the exchange correlation potential.
n(r

Now we arrive at several density functional equaidhat can be solved by
self-consistent iterative method. The problem is #xact form of the exchange
correlation potential, which is a density functibria not known. In order to put the

density functional theory in practical use, we haweuse some approximations to

V.,.[n.

2.3.3 Local density approximation

One of the most commonly used approximations toekehange correlation
density functionals is the local density approximatLDA), which assumes that the
exchange correlation energy only depends on tlatretedensity at. Under the LDA,

the exchange correlation energy can be expressed as
E, = [d%re, [n(nIn(r), (2.26)
where £, [n(r)] is the exchange correlation energy density of kct®n gas at

densityn(r). LDA is correct for a homogeneous electron gad arks well for

systems whose electron densities change slowly.

Furthermore, we can spliE,. into exchange energ¥, and correlation energy

E.. Asimple form of E, is usually taken from the calculations for the log@neous

electron gas®
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E, O j d3rn*3(r), (2.27)
and E, can also be obtained by using quantum Monte Csirfwlations for the

homogeneous electron gas at several intermediatgtids®® Some other forms of the
exchange correlation energy were also repdttéd.

The DFT-LDA method has turned out to be very susftsn the electronic
structure calculations of atoms, molecules andisoiowever, the LDA potential has
a relatively rapid decay and its prediction to #tability of some anions is poor.

Hence, further improvements on the exchange cdioalanergy are needed.

2.3.4 Generalized gradient approximation

Actually the exchange correlation energy not ongpehds on the electron
density atr but also on the density variations close.tt we take the gradient of the
electron density into account, then the exchangeeledion energy can be expressed

as:
E,. = [ d®re, [n(r), On(r)In(r) (2.28)
which is called the generalized gradient approxioma{GGA).

Similar to the LDA case, the exchange correlatioergy E, can also be

divided into two parts: exchange ener@y, and correlation energy_, with each

part treated individually under the GGA. There aeweral well known exchange
correlation functionals that have been developedeurthe GGA scheme, such as
B88° LYP,*® PW9f" and PBE®®
More accurate results for tikelectron system can be obtained by GGA than by

LDA. However, the exchange energy formulated unB&T is not exact. The
Coulomb couplings between an electron and its olmarge distribution result in the
overestimation of the electron Coulomb repulsidnustthis electron self interaction
should be cancelled in the Hartree energy, thel ti@rm in Eq. (2.17). To solve this

problem, the hybrid functionals have been develdpedhprove the DFT results.
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2.3.5 Hybrid functional B3LYP

Since the electron exchange energy is exact untier Hartree-Fock
approximation, by combining the exchange energmnfktartree-Fock method and the
exchange correlation energy from the density fumeti theory, a hybrid functional of
the exchange correlation energy was introduced bgk& to solve théN-electron

problems>® The exchange correlation energy has a form like:

E,.= % = +—; E-, (2.29)

where E/" is the Hartree-Fock based exact exchange energy, E"is the
DFT-based exchange correlation potential energyeunthe local spin-density
approximation (LSDA). Enlightened by this hybridizen scheme, various exchange
and correlation functionals can be combined wHEj" to construct a hybrid
exchange correlation functional. For example, thdely used hybrid functional
B3LYP has a form as follow?:

EZP = (1-a))E-™ +a E" +a EP*® +a ENF + (1-a, )EY', (2.30)
where a,=0.2, a =0.72, and a,=0.81, which are obtained by a linear

least-squares fitting" It can be seen that both exchange and correlatiergy

functionals under LDA E;™*, E™N) and GGA E*°, EI™) are used to combine

X

with E!"™ for constructing the B3LYP hybrid functional.

2.4 Summary

Combining with the modern computer technology, dgn&inctional theory
method has become a powerful tool in solving mdegteon problems related to
atoms, molecules and solids. Nowadays, many compuitggrams based on DFT,
such as CASTEP DMol®,"® " Gaussiaff and VASP®> ’" have been developed for

theoretical simulations, which make great contiiimg in various research fields.
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Chapter 3
DFT Study of Hydrogen Storage by Spillover on Grapkne with

Boron Substitution

From this chapter on, | am going to use four chapti® elaborate my theoretical
investigations on the hydrogen spillover by firsitapiples calculations. The hydrogen
spillover mechanism on B-doped graphene and N-dgpaghene will be discussed
in Chapter 3 and Chapter 4, respectively. We wek s©row doping B/N helps in
lowering the H migration barrier from metal to swtbge and thus improves the
hydrogen storage property of the graphitic surfék®.an analogue to B/N-doped
graphene, C-doped boron nitride (BN) sheet is askected as a substrate for
hydrogen spillover study. The possibility of hydeogspillover on BN sheet will be
addressed in Chapter 5. Following Chapter 5, tthéurunderstand the kinetic issues
on the BN-based materials for hydrogen storageog2d BN nanocages are proposed
as potential candidates for hydrogen storage naddéeand how the size or curvature
of the BN fullerene influences on the Hissociation barrier is going to be illustrated

in Chapter 6.

3.1 Introduction

As we have known from Chapter 1 that hydrogen @yt has been proposed as
an effective approach for hydrogen storage at amtiemperaturé® However, to
fulfill the requirements for hydrogen storage matsy further improvement of
hydrogen storage properties of carbon materialstié needed, where a deep
understanding of the hydrogen spillover procesd great importance. In this aspect,
theoretical calculation can play a leading role pravide helpful information. Cheng
et al. have studied the dissociation of molecular hydnoge the R¢ cluster, and by
approaching the fully saturatedsetuster toward the graphene sheet, they proposed a
migration of two H atoms from metal to graphenethvan average activation barrier

of 0.48 eV per H atom; however, thermodynamicathye migration process is
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endothermicd? Further investigation by Froudakés al. about hydrogen spillover on
Pt-doped graphite, which is the real case in erpants in which metal clusters are
supported on the substrate, showed a rather higiggation barrier of 2.6 eV for H
atom diffusing from a fully saturatedRiluster to the supporting graphitic surf4e.
Yakobsonet al. also pointed out that it is difficult for a prisé graphene to attract the
H atom down from the saturated metal catalyst,tdube weak C-H binding strength
for the pristine graphene, which greatly inhibite tspillover process at ambient
temperaturé® So, how to improve the C-H binding or the hydrogasorption
strength on the graphitic surface naturally becooms of the crucial points in the
hydrogen spillover research.

Recently, enhanced hydrogen adsorption was repastedboron-substituted
carbon® # Experimental synthesis of B-doped carbon materiatsl their
applications for hydrogen storage were also cardetf* ° Yang's group studied
hydrogen storage via spillover on Ru-supportedrigt ld-doped microporous carbon,
and 2.2-fold enhanced hydrogen uptake of 1.2 wtt%298 K and 10 MPa was
obtained® All the information gives a strong indication thHatdoping could be an
effective approach in the modification of carbontenals for hydrogen storage
applications. Despite the experimental observatbrenhanced hydrogen storage
capacity of B-doped carbon materials with spillowethod, the whole picture about
the spillover mechanism, such as how the metalysttanteracts with the B-doped
carbon substrate and dissociatesnblecules, how the migration process for H atoms
from metal to substrate takes place, and what ithesin behavior of H atoms looks
like in the vicinity of the hydrogenated metal ohet substrate, is not yet
well-understood.

In the present work, DFT calculations have beerduaoted to investigate the
hydrogen spillover process on B-doped graphene ataild which should be a
potential candidate for hydrogen storage materialshe simulation, the Ptluster
with tetrahedral geometry is chosen as a modetpgcesent metal catalyst, which can
effectively dissociate K molecules and efficiently describe such kind of

interaction$® We first dope only one B atom in the graphene tshee find that the
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Pt, cluster is more strongly bound to the B-doped lhemge compared with the
undoped case. Then by putting holecules around the supported, Rtuster,
geometry optimization yields a saturated Pluster with 14 H atoms, while Pt
supported by pure graphene can only adsorb 10 Msatwithout detaching from the
substrate. Second, we estimate the activationdsdior one H atom migrating from
Pt, to B-doped graphene, and a much lowered migrdtéorier is obtained due to the
enhanced C-H binding strength around the B atomallyi we investigate the
hydrogen spillover on the BGheet with a similar procedure as described abive.
uniform B-C network presents sufficiently low aetiion barriers for both migration
and diffusion of H atoms on the BGubstrate. The thermodynamic issues of

hydrogen spillover on B-doped graphene are alsoeaddd in the end.

3.2 Computational methods

All calculations have been carried out using the d\program® " based on
DFT with GGA-PBE?® for exchange and correlation potential. We used Bémicore
pseudopotential with double numerical basis ses$ jplolarization functions (DNP),
which is comparable with the Gaussian 6-31G(d,sisbaet in size and quality. A
(6x6) supercell with periodic boundary conditionstbex-y plane was employed to
model the infinite graphene sheet. The vacuum spae set with 20 A in the
direction to avoid the interactions between pedadiages. For BE€substrate, since
its primitive cell is about twice the size of graple’s, a (3x3) supercell was used for
the modelling. A 3x3x1 mesh &fpoint$’ and the global orbital cutoff of 5.0 A have
been used in the spin-unrestricted calculations.s&klictures were relaxed without
any symmetry constraints. Convergence in energgefand displacement was set as
10° Ha, 0.001 Ha/A, and 0.005 A, respectively. Allnsiion states were located via
complete LST/QST meth8% as implemented in DMbdlpackage and verified by
vibrational frequency analysis. The in-plane |&tmgarameter of the graphene sheet
has been optimized to be 2.469 A, which is closta¢ocideal value of 2.46 A. For the
BCssubstrate, the optimized in-plane lattice paramist&r178 A, in good agreement

with the value of 5.168 A calculated by Feetal .22
21



3.3 Results and discussion

3.3.1 Adsorption of H on pure graphene and 1B-dopegraphene sheet

Table 3.1 Calculated hydrogen adsorption enerdyy), the corresponding H-bond
length @c.4/ds), and the Hirshfeld charges of B and H-bond rela®ms, for the
hydrogenation on pure graphene (G) and 1B-dopgzhgre sheet (.

AEy der/da.n Hirshfeld charge
(eV) R) B C H

-1.009

G-H 1.124 -0.019 0.060
(1.263)
| -1.600

Gg—B-H 1.259  -0.063 0.020
(0.672)

-1.933

Gg—C-H-ortho 1.132 0.066 -0.075 0.089
(0.339)
-1.646

Ge—C-H-para 1.121  0.046 -0.011 0.075
(0.626)

* The value ofAE, that is calculated with reference to sz is also listed in parentheses. The three

G-H/ Gg-H

lowest-energy structures for hydrogenateg €&heet, as well as the optimized structure for
hydrogenated graphene, are illustrated by side sciéwr clarity, only the hydrogenation regions are
drawn as schematic diagrams (H, white; B, pinkgi@y).

The influence of boron doping on the hydrogenatidngraphene sheet was
investigated. Table 3.1 shows the calculated atisorgnergy of a single H atom on
pure graphene (G) and on different sites of onddBnadoped graphene sheets]G
the corresponding H-bond length, and the Hirshéldrge®® of relevant atoms. The
schematic diagram of each stable structure obtaafied optimization is shown. For
clarity, only the substrate regions involving hygea or Pi cluster are drawn in the
schematic diagrams in this thesis, unless statéwkrwise. The isosurface of

deformation electron density and Hirshfeld charggrithution for each structure in
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Table 3.1 is illustrated in Figure 3.1 to assist aoalysis. The adsorption energy of H

atom AEn) on G/Gs sheet is calculated as:
AEH = ESub-H - ESub_ E H» (3-1)
where E,, E,, and E,,, represent the energies of the substrate (Ggosi@et),

a single H atom, and the hydrogenated substraspectively. OptionallyAEy can

also be calculated with reference to the half enefga H molecule 1/, instead

of Ey in EqQ. (3.1). Thus, both values 8Ey with different reference energy are listed
in Table 3.1 for comparison. The adsorption enéogyd atom directly adsorbed on B
atom in G sheet (G-B-H) is -1.600 eV, which is almost 60% enhanced
hydrogenation strength with respect to that of 02.@V for hydrogenated graphene
(G-H). In addition, we also find that when the ldratis adsorbed on the C atom next
to (Gs—C-H-ortho) or opposite to (g-C-H-para) the B atom in the same hexagonal
ring, the adsorption strength is even stronger Wky=-1.933 eV and\Ey=-1.646
eV, respectively. This is in good agreement witin¢vet al.’s experimental results that

doped carbon is favorable for H adsorptin.

When using 1/E,, as the reference energy, all the calculated valtias,, are

positive, 2.272 eV bigger than their counterpatsshown in the parentheses of Table
3.1. On one hand, the positive hydrogenation engrdigates that it is hard for the
supporting G/@ sheet to dissociate the, Fholecule directly. This is the reason why
the metal catalyst is used in the hydrogen spillgrecess, which will be addressed
in detail in the following. On the other hand, theergy difference betweexEy of
each structure in Table 3.1 is independent of boéce of energy reference. Since the
hydrogen spillover process is related to the H atdiffusion behavior on the
supporting substrate, we think it is more evidemt aonvenient in formulating the H
spillover mechanism by takirig, as the reference energy. In Ref. 20, Froudetkas.

also usedy as the reference energy in their H spillover study
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(g) Gg—C-H-ortho-charge (h) Gg—C-H-para-charge

Figure 3.1 (a-d) Deformation electron density istmzes of the four hydrogenated
structures in Table 3.1 illustrated by top viewee@m, electron accumulation; yellow,
electron depletion); (e-h) Hirshfeld charge disitibns of the four hydrogenated
structures in Table 3.1 illustrated by side vieWs\white; B, pink; C, grey).

From the isosurface of deformation electron densitlgich is calculated by
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subtracting the electron density of the isolatenhret from the total electron density, it
can be found that the electrons accumulate (gregions) between in-plane atoms to
form covalent bonds on the substrate (Figure 3)1&Jdon the hydrogenation, the
in-plane z—electrons move upward to form a C-H bond, whicsuits in a small
depletion of electron (yellow regions) around tlyellegenated C atom (Figure 3.1a).
Interestingly, the three depletion areas surroundive B atom, as shown in Figure
3.1b, are even smaller and there is a relativety dicumulation area of electron
around B. This can be attributed to that boron twas less valence electron than
carbon, and the doped B acts as an electron-accégpping electrons from the
nearby regions. This also results in a Hirshfeldrgh of -0.063 for the B atom,
indicating a strong B-H bond is formedg&3-H). In addition, the C atom adjacent to
B is also affected by the electron clouds aroundavBich leads to an enhanced C-H
bonding, with a Hirshfeld charge of —0.075 for thalrogenated C (§>-C-H-ortho).
Actually, the H atom in @-C-H-ortho structure is not vertically bound on the top of
C but leans toward the B atom, resulting in an géded C-H bond length of 1.132 A.
Therefore, the hydrogen adsorption is considerduetoooperatively strengthened by
boron and carbon. Apparently, boron atom acts asffactive electron accumulation
center in the graphene sheet, where either B atontscadjacent C atoms have
relatively large values in terms of Hirshfeld chafgigure 3.1f-h), compared with the
undoped graphene case (Figure 3.Hence, it is possible that hydrogenation is more
thermodynamically favored due to the enhancedactan between the electron of H
and ther—cloud of the @ sheet. To summarize, the DFT calculations sughestB
doping can greatly enhance the surface hydrogenatiength of graphene, and the C

atom adjacent to B is the most favorable site jarbgen adsorption.
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3.3.2 Hydrogen adsorption on Picluster supported by G or G sheet

(C) G-Pu-10H : AEchen= -2.841 €V | (d) Gg-Pts-14H : AE¢hen= -2.702 €V

Figure 3.2 Optimized structures of (a) letuster on pure graphene (GRt(b) P4
cluster on @ sheet (G-Pt), (c) saturated Rtcluster on graphene with 10 H atoms
chemisorbed (G-Rt10H), and (d) saturated JRtluster on @ sheet with 14 H atoms
chemisorbed (&Pt-14H) (H, white; B, pink; C, grey; Pt, cyan). Theénding
strength of Rt|JAER| on Gs sheet is 2.379 eV, much stronger than that of4led8 on
graphene. The chemisorption energy per H at@en for the saturated Ptluster on

G and G sheet is -2.841 eV and -2.702 eV, respectivelgijcating a strong K
dissociation ability for the metal cluster.

The tetrahedral Rtluster is chosen as the representative catalysuty the K
dissociative chemisorption on metal cluster. Sitiee chemisorption and desorption
properties of H at full coverage are almost indeleen of cluster siz& a small Pt
cluster can provide us with a relatively large supk to simulate the H diffusion
process on the substrate, without losing accuraxcy efficiency. To find the most
stable structure for Padsorbed on the supporting substrate, we trie@réifit initial
configurations by putting Pabove C (B) site, C-C (C-B) bond, or hollow sifetloe
hexagonal ring. As shown in Figure 3.2a, thecRister is attached to the graphene

sheet (G-R) with two Pt atoms above the C-C bonds after thgnozation. The
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adsorption energy of Pon graphen@Ep; is calculated to be -1.184 eV. Similarly, Pt
atoms also interact with the C-C and C-B bond®tmfa stable structure orsGheet
(Figure 3.2b, @Pty)), where three Pt atoms are attached on the stéastfae
corresponding adsorption strengtkEgd{ for Pt on Gs is about 2.379 eV, much
stronger than that for G-PtCombining with what we have learned from the
hydrogenation reaction on the G/Gheet, we can conclude that B-doping not only
improves the hydrogen adsorption ability, but akghances the metal binding
strength for graphene sheet.

To simulate the kldissociation process and model the H saturatioBtpcluster,
initially eight H, molecules are put around the metal cluster abuarlocations for
G-Pt,or Gs-Pt;. While sequential FHadsorption behavior on the metal cluster may be
of interest to some researchers in the field, ihags within the scope of this work.
Without losing the contact between,Pdnd the supporting substrate after the
optimization, there are totally 10 H and 14 H atduisy chemisorbed on Rfor G
(G-P4-10H) and @ sheet (G-Pi;-14H), respectivelil. H. molecules spontaneously
dissociate onto the Ptluster; i.e., a barrierless;Hissociation process takes place,
which was also reported in Ref. 20. As shown inuFeg3.2c, the Rtcluster is
saturated with 10 H atoms, with only one Pt abdwe €-C bond of graphene. The

average chemisorption energy per H attify..mon P} is calculated by:

1
AEchem = H(E H Pt@Sub E Pt@Sub nE )l, (3.2)

where E, sy Enpasue @ndn represent the energies of, Bluster with the substrate,

1
Close contact between the, Rtuster and the G or {Gsheet can provide a steady H flow from the
metal cluser to the supporting substrate; othervifgelong distance between the chemisorbed H atom

and the surface C atom will definitely increase ligdrogen migration barrier from metal to substrate
thus weakening the hydrogen spillover effect. FgiR&, seven H molecules are fully dissociated onto
the Pj cluster, with only one fHdeparting away after optimization. However, thedRister will detach
from the undoped graphene sheet, when eightnblecules are initially put around the metal cust
Therefore, we gradually decrease the number gdutl around the Rtin the initial arrangement and
reoptimize the structure until we get a saturatgdadRhout flying away from the substrate. Different
initial positions of H molecules have been considered, and the optimizedtgre with the lowest
energy has been selected as the saturation state.
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H-saturated Rcluster with the substrate, and the number of khatohemisorbed on
Pt, respectively. ThAEqnemis estimated to be -2.841 eV for undoped grapheiib,
respect to the energy of a single H atom. It ident that the Rtcluster has a
tendency to detach and leaves only one Pt atonréctdcontact with the graphene
surface upon hydrogenation, which also indicatesak interaction between jJRind
graphene sheet. In contrast, Bluster on @ sheet can fully chemisorb 14 H atoms
with AEchen=-2.702 eV, where the three Pt atoms still binth® underlying substrate
(Figure 3.2d). Obviously, more hydrogen can beadtisded via the metal cluster on
B-doped graphene than that in the pure grapheree basddition, B-doping can also
stabilize the Rtcluster upon hydrogenation, where saturatqds@tves as a stable H

source for the subsequent hydrogen migration psoces

3.3.3 H migration from P, cluster onto the supporting G/G sheet

A key step for the hydrogen spillover to take plee@ow the H atoms migrate
onto the supporting substrate from the metal ciieste whether the migration barrier
is low enough to gain fast kinetics at room tempgga As shown in Figure 3.3, by
dragging one H atom from the starting reactant ttR)he top of a C atom in the
substrate, we carried out geometry optimizatiorseghently to get the final product
(P). Then the transition state (TS) was searchedusing complete LST/QST
method® followed by vibrational frequency calculation fiurther confirmation. For
clarity, the red arrow is used to depict the H migm direction, pointing to the
closest and unoccupied C atom on the substrate.

For the undoped graphene, in which the H atom isualdy put on a C atom of
graphene, we found the H atom migrates back t&theluster after the optimization,
which means that it only forms a metastable statettfe hydrogenation due to the
presence of Rtcluster (see P(G) in Figure 3.3). In this case, tiues used the
constrained geometry optimization to estimate theigration barrier, by gradually
changing the Pt-H bond distance. The calculatedvadmin barrier E(G) for H
migrating to graphene is about 2.721 eV, whichliose to the reported value of 2.6

eV calculated by a different DFT functional andtaaire packag®’ This comparison
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also validates the accuracy and reliability of aromputational methods. The
corresponding transition state TS(G), as illusttateFigure 3.3, has the H atom away
from saturated Rtwith a Pt-H distance about 2.7 A. There is alsoGl bond
formed in TS(G), indicating an unrealistic migratiprocess for undoped graphene.
The migration reaction is actually an endothernmacpss, and the reaction energy
En(G) is around 2.198 eV with respect to the energinibial state R(G). Both the

high values oft,(G) andE(G) prohibit the H migration at ambient conditiofus

graphene.

P L (G=2721eV
Sl P(G)

S~

’ T 3 e E (G)=2.198 eV

'3 = EGy=1940eV

’ | T = e E(Gp)=1.578 eV

Figure 3.3 Optimized structures of initial (R),rsaion (TS), and final (P) states for
the H migration process from saturated &uster to the supporting GéGubstrate.
The black bars denote the relative energy levelsthee structures, with the
corresponding schematic diagrams (H, white; B, plikgrey; Pt, cyan) drawn above
or below. The calculated activation enekgyfor the H migration from Rtto G and
Gg sheet is 2.721 eV and 1.940 eV, respectively. dinple and blue dashed arrows
are respectively used to guide the eyes for thes®parate migration reactions on G
and Gg substrates. The reaction energy of the migragrwith respect to the initial
state is estimated to be 2.198 eV and 1.578 epentiwely, for the G and gxases.
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For the saturated Ptluster on @ sheet (see R} in Figure 3.3), the H atom is
either adsorbed on Pt (corner site) or on a PeRdk{bridge site). When we dragged
one H atom from the corner site onto the C atorthénsubstrate, the H atom would
rebind to the corner site of Rtluster after optimization. Only H from the bridgie
could form a stable state, binding on top of thepposite to B in the hexagonal ring,
with a C-H bond length of 1.134 A (see BJ@ Figure 3.3). On one hand, H atoms
are weakly bound to the bridge sites compared thitse bound on the corner sités.
Therefore, the H migration from the bridge siterisre likely to take place. On the
other hand, from our discussions about H adsormios sheet, the C atom opposite
to B becomes a favorable site to adsorb H wiHy=-1.646 eV (see Table 3.1), since
all the three C atoms adjacent to B are occupieBtlatoms for R(g@. The transition
state TS(@), as shown in Figure 3.3, has an activation en&g$s)=1.940 eV for
the H migration, with a C-H bond distance of 1.381The calculated imaginary
frequency of TS(@) is about -1301.1 cth The corresponding reaction enefgy(Gs)
is about 1.578 eV with respect to the energy of g&(®oth the activation and
reaction energies have been lowered by almost 30%hé H migration on gsheet
compared with the undoped graphene case. B-dopatgonly enhances the H
adsorption strengt\Ey| of the substrate but also leads to averagely aresak H
chemisorption strengtihEcnen| On saturated Ptluster. This eventually results in an
improved thermodynamical migration reaction, accam@d by a substantially
lowered activation barrier. However, the H migratis still the rate-limiting step,
with an activation energy of around 2 eV fog &heet; hence, further modification on

the graphene is desired to facilitate the hydragmihover at ambient conditions.

3.3.4 Hydrogen spillover on BG sheet

Capacity for H in graphitic materials has been expentally observed to
increase with boron concentratioh.Kouvetakis et al. have synthesized the
graphite-like BG compound containing 25% of bordhTheoretical studies have

suggested that bulk BCcould be a potential candidate for hydrogen srag
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material®® * The adsorption and recombination mechanism ofdgeh on the BE

sheet has also been investigated, where both bettetention capability and easier
recombination into bl were reported? Evidently, by increasing the boron doping
content in graphene, further improvement on hydnoggllover and more hydrogen
uptake on the substrate are expected. Therefoeehih B content model of B-doped
graphene, Bgsheet is a good substrate for studying the H sgtleeffect, which

would be helpful in further understanding the Hlleper mechanism on B-doped

graphene.

(b) GBC3-B-HZ (C) GBC3-C-HZ

(a) Gec,: de.c=1.422 Ads.c=1.567 A | AE4=-1.304eV | AE4 =-1.885 eV

(d) GBC3'Pt4: AEp: = -4.455 eV (e) GBC3'Pt4'14H : AEchen -2.590 eV

Figure 3.4 Optimized structures of (a) B&heet (Gc,), (b) H adsorption on B in
Ggc, (Gee,-B-H), () H adsorption on C in dg, (Gsc,-C-H), (d) P cluster on Gc,
(Ggc,-Pl), and (e) saturated Ptluster on Gc, with 14 H atoms chemisorbed

(Gec,-Pl-14H) (H, white; B, pink; C, grey; Pt, cyan). A @xsupercell was used for

modelling the BG substrate. The optimized bond length of Cdgd) and B-C @s-c)

for Gec,is 1.422 A and 1.567 A, respectively.
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We used a (3x3) supercell for modelling the;BfBieet (@c,), which is a high

symmetry substrate with the optimized C-C and BaRdlength of 1.422 A and
1.567 A, respectively (Figure 3.4a). The high synmneconfiguration of BG
substrate used here is the most stable structureB@ sheet, which was also

commonly used by other groups in modellingsBDrfacé****The H atom can be

adsorbed on either B (Figure 3.4bscGB-H) or C atom (Figure 3.4c, g5,-C-H) in
Ggc,to form a stable state. Similar to theg Gase, H is more favorably bound on C
(Ggc,-C-H) with an adsorption energyey = -1.885 eV, compared withEy = -1.304

eV for Gsc,-B-H. A similar procedure to that used in the @/@ase has been

implemented for finding stable structures of &td H-saturated Ptluster on the B

sheet. As shown in Figure 3.4d, thedsster is firmly bound on gz, with three C-C

bonds (Gc,-Pt), and the adsorption strengttEp( is about 4.455 eV, much stronger
than that for G-Pt.. Same as gPu-14H, the catalytic metal can accommodate up to
a total of seven dissociated Fholecules. The 14 H atoms can bind to the corner o

bridge sites of the cluster (Figure 3.4ecGPt-14H). The average chemisorption

strength per H atonAEchen] for Gac,-Pts-14H was estimated to be 2.590 eV, which is

weaker than that for §sPt;-14H.
For the BG sheet, we investigated the H migration processftbe catalytic

metal to the supporting substrate, as well as tha#ffidsion behavior along the C-C
and C-B-C paths ongz,. The reaction diagram of each migration/diffuspsocess is

plotted in Figure 3.5, together with the top viesighe critical structures involved in
these reactions. Figure 3.5a shows the schemagigermprofile along the reaction

coordinate for H migrating from Pt-Pt bond to C thre BC; sheet. A sufficiently

lowered activation barrie, of 0.648 eV has been obtained for H migration fietn

to Ggc, A fast kinetics for H migration thus can be aske under ambient
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conditions. However, the migration process remainegsmodynamically unfavored,
where the energy of final state (FS1) is about 9.6 with respect to that of initial
state (IS), only 9 meV lower than that of trangitistate (TS1), whose imaginary
frequency is around -754.0 émThe C-H bond length is 1.457 A and 1.280 A for
TS1 and FS1, respectively.

Energy (V)

06
Reaction Coordinate

(a) H Migration

Energy (eV)

"
Reaction Coordinate

(b) C-C Diffusion

TS3 TS4
. .

/N N

Energy (eV)

7

Reaction Coordinate

(c) C-B-C Diffusion

Figure 3.5 Calculated reaction diagrams of (a) lgration from saturated Pto C on

the BG sheet, (b) H diffusion along the C-C path ogc$and (c) H diffusion along

the C-B-C path on gz, The schematic diagrams of initial (IS), transitiTS),

intermediate (IMS), and final (FS) states involuadhe reactions are illustrated by
top views (H, white; B, pink; C, grey; Pt, cyanhdreactive H atom is highlighted by
red. The lines that link critical points are usedguide the eyes. The energy of
reactant in each reaction diagram is set to be zero

Further diffusion of H atom away from the vicinity the catalytic metal, can
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make full use of surface sites of the substratenfmirogen storage applications. For
the BG sheet, two distinct diffusion paths were invedtgdafollowing the H
migration process. The H atom first diffuses fro8i1Ro FS2 along the C-C path, as
shown in Figure 3.5b, and undergoes an activatiarrids of 0.52 eV. The
corresponding transition state (TS2) has an imagifraquency of -742.9 cth The
diffusion reaction along the C-C path is exothermiih the reaction energy being
-0.047 eV with respect to the energy of FS1. Thefyrther diffuses from FS2 to FS3
via the C-B-C path. It turns out to be a little etitermic, and the energy of FS3 is
about 0.153 eV larger than that of FS2, as seémgure 3.5c. The B atom adsorbs H
and forms an intermediate state (IMS) in the midufiehe C-B-C path, where two
transition states (TS3, TS4) close to IMS are ledatvith the energy of TS3(TS4)
being around 0.66 eV higher than that of FS2. Tineginary frequencies of TS3 and
TS4 are calculated to be -773.1 trand -740.8 ci, respectively. Both activation
barriers are sufficiently low for H diffusion alonthe C-C and C-B-C paths,
indicating that a fast H diffusion on the substragen be achieved under ambient

conditions.

Combining the data obtained for Gg,@Gnd Gc, cases, we find a strong

dependence of H migration ener@y, on the hydrogenation strengthEl| of the

substrate. As shown in Figure 3.6, from G tgc{the reaction energ§n, for H

migration decreases as the H adsorption strengfy| |of the supporting sheet
increases; i.e., there is a downward trend\Bf; toward the binding energy of,H
molecule per H atonfy.ping= -2.272 eV. In contrast, the average H chemisonpti
energyAEqnem €xhibits an upward though not obvious trend towa&Eg, i,gon the

energy profile. The energy difference betwedt and AEcnemis reduced to 0.705 eV

for the Gsc, sheet, compared with that of 1.832 eV for the uedographene. The

decreased energy difference surely draws closeeribggies of initial and final states
involved in the H migration reaction, thus resudtin an improved thermodynamical
H migration process. Noticeably seen from Figu& 8inceAEy is higher tharkEy ping

on the energy profile, it is hard for the substitatehemisorb H atoms directly from
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H, gas. The reported activation barrier for diregtdi$sociation on the B{Sheet was

about 1.2 e\** much higher than our calculated H migration bamife0.648 eV from
Pt to Ggc,. Thus, the metal cluster not only plays the cétalyle in dissociating b
molecules but also shows the great advantage gifilld\ser method in the hydrogen

storage study by providing a sufficiently low aetion barrier for H adsorption on

the substrate.
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Figure 3.6 Evolution profiles of migration reactienergyE,, hydrogen adsorption

energyAEy, and average H chemisorption enerifnem for the G, G, and Ge,

sheets. The binding energy of Hholecule per H atorky.ping=-2.272 eV is denoted
with a horizontal line. The single-arrow line pardownward fromEy.ping t0 AEchem
indicating the energetically favored dissociation process on the catalytic metal, and
then points upward fromEgemto AE4, showing that the H migration from metal to
substrate is endothermic. The difference betwd&n.nandAEy is labeled beside the
single-arrow line.

Furthermore, under ambient conditions usually allserothermic reaction is
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affordable. The Bgsheet is a high symmetry substrate, with boromataniformly

distributed. The C atoms ingg, are equivalent with the samgky; thus, the H

diffusion process on thegg, sheet is thermodynamically favored or experimentall

affordable under ambient conditions. As for the Ignation process, the endothermic
reaction can be improved by either enhancixigy| of B-doped graphene or using

other metal catalyst with smallekHcnen] than that of Rt Since the H adsorption

strength AE4|=1.885 eV for Gc,—C-H is weaker than AEs| =1.933 eV for

Gg—C-H-ortho, a moderately B-doped graphene with boron unifgrdnstributed plus
a proper catalytic metal may be a better candittatdydrogen storage applications

via hydrogen spillover, which would need furtherestigation in my future work.

3.4 Summary

In summary, by introducing B atoms into graphen&TDcalculations show
substantially enhanced hydrogen adsorption strefagtitC atoms around B on the
substrate, where the catalytic metal can alsorbd@yfiabsorbed and further dissociate
more H molecules into H atoms. Upon H-saturation on tletaicluster, H atom is
more likely to migrate from the bridge site of tblester onto the supporting sheet.
Due to reduced energetic difference betwesh; and AE...m an improved
thermodynamical H migration process can be achieveB-doped graphene. Both H
migration and diffusion processes are investigabekdave sufficiently low activation
barriers, indicating that more H atoms can adseriBaloped graphene than on the
undoped graphene under ambient conditions. By sitimgl the whole hydrogen
spillover process, our work not only interprets ttegalytic mechanism of the H
spillover on B-doped graphene but also supports exgerimental findings that
B-doped microporous carbon has an enhanced hydrstmage capaciff Our
calculations conclude that B doping with catalytietal on the substrate is an

effective method of modifying the graphitic surfdoe hydrogen storage applications.
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Chapter 4
DFT Study of Hydrogen Spillover on Nitrogen Doped @phene

Besides boron doping, nitrogen doping is anothequently used method to
modify the properties of graphitic surface. In tleisapter, as a comparison to the
hydrogen spillover on B-doped graphene discussethsh chapter, the hydrogen
spillover on N-doped graphene will be addressedh witfocus on the H migration

process.

4.1 Introduction

Nitrogen doping has been reported to facilitate thalrogen uptake on
microporous carbon materias. °® For proton exchange membrane fuel cell,
Pt-supported N-doped carbon was observed to haeal@nced catalytic activity and
durability toward oxygen reduction and methanoldation®” °® Recently, Yang’s
group studied hydrogen storage via spillover osugtported N-doped microporous
carbon, and 2.4-fold enhanced hydrogen uptakeaff Wt % at 298 K and 10 MPa
was obtained? Apparently, N doping seems to be an effective @@ in modifying
the carbon materials for metal catalytic perforneanand hydrogen storage
applications.

In the present work, first-principles calculatiohswve been carried out to
investigate the N doping effect on the hydrogefi®pr on Pi-supported graphene.
Two typical types of nitrogen species on N-dopeabfene, graphitic N and pyridinic
N, are considered in the simulatith: *°* For the graphitic N, i.e., the 1N-doped
graphene sheet, At found to saturate with 10 H atoms without deiag away from
the supporting substrate after geometry optimipatamd the H migration barrier from
metal to substrate is estimated to be close to,SieMlar to that for the gcase in
Chapter 3. For the pyridinic N, where there is adtancy surrounded by three N
substitutions in the graphene sheet, thecRister stands right above the vacancy site

and can accommodate up to 16 H atoms upon saturdtne calculated H migration

37



barrier is about 1 eV, much lower than that for gin@phitic N case. The comparison
between B-doped and N-doped graphene for the hgdrspgillover is also addressed

at the end.

4.2 Computational methods

All calculations have been carried out by usinggame methods and parameters
as those used for B-doped graphene cases. Théedadascriptions can be found in
Section 3.2. The only difference is that the traosi state for H migration was
estimated by using constrained geometry optiminaticethod, due to the unique
structural property of the H-saturated, letuster on the N-doped graphene, which

would be stated in detail in the following.

4.3 Results and discussion

4.3.1 Adsorption of H on 1N-doped graphene sheet

Table 4.1 Calculated hydrogen adsorption enerdy), the corresponding H-bond
length @c.n), and the Hirshfeld charges of N and H-bond relad¢oms, for the
hydrogenation on pure graphene (G) and 1N-dopegshgree sheet (3.

AEy dc.H Hirshfeld charge
(eV) R) N C H

G-H % 1.009  1.124 -0.019 0.060
Gy—C-H-ortho % 1749 1117 -0.004 0.029 0.039

Gn—C-H-para % 1514 1119 0008 -0.025 0.044

* The two lowest-energy structures for hydrogend@gdsheet, as well as the optimized structure for
hydrogenated graphene, are illustrated by side sciéwr clarity, only the hydrogenation regions are

drawn as schematic diagrams (H, white; N, bluegréy).

G-H/ Gy-H

For the graphitic N case, one nitrogen atom reglagecarbon atom in the
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graphene sheet. Table 4.1 shows the calculatestgdradsorption energy of a single
H atom on pure graphene (G) and on different sifesne N atom doped graphene
sheet (@), the corresponding H-bond length, and the Hilshéharges of relevant
atoms. The schematic diagram of each stable steucttained after optimization is
also illustrated. The deformation electron densibsurfaces, as well as the Hirshfeld
charge distributions for the two hydrogenateg <Buctures in Table 4.1 are depicted
in Figure 4.1 to assist our analysis. Accordingetp (3.1), the calculated hydrogen
adsorption strengtiAE,| for H atom adsorbed on the C atom next tg+(GH-ortho)
and opposite to (-C-H-para) the N atom in the same hexagonal ring, is 1.M9 e
and 1.514 eV, respectively, both stronger than tfail.009 eV for the undoped
graphene. Different from theg&ase, in which the H atom can be adsorbed on the
doped B atom to form a stable structure (sgeB=H in Table 3.1), the doped N atom
is not a stable site for H adsorption on the $heet, according to our calculations.
This is in good agreement with previous investmadi that the neighboring carbon
atom rather than the nitrogen atom is favorabldfadsorptior®?

From theisosurface of deformation electron density, whishcalculated by
subtracting the electron density of the isolatenhret from the total electron density, it
can be found that there is a relatively small et@acaccumulation area (green regions)
around the C-N bond, compared with that aroundro@+€ bond on the substrate
(Figure 4.1a, 4.1b). In the meantime, it showslatikely big depletion of electron
(yellow regions) around the N atom. This can bekatted to that nitrogen has one
more valence electron than carbon, and the dopddiNrbs the originak—electron
distributions of the graphene sheet. The excesdr@&rons on N repel the electrons
nearby and make them redistribute beyond a cerdaige towards the nitrogen on the
Gn sheet. From the Hirshfeld charge distributiong(Fe 4.1c, 4.1d), it can be seen
that the Hirshfeld charges on the C atoms next taréall positive with relatively
large values, indicating that the C next to N iscebn deficient, and would behave
like an electron-acceptor. In this way, it factiés the electron transfer from H to C,
and thus the hydrogen adsorption strength is emthfar the g sheet. In addition,

since nitrogen has five valence electrons, gffehybridized covalent network with
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three C-N bonds formed in theyGheet is favorable for the doped N. That is the
reason why H is not stable on N for thg §€heet, because the nitrogen atom could not
accommodate more electrons. On the contrary, canberfour valence electrons and
thus can form four covalent bonds to haveahybridized configuration. Therefore,
the C-H bond is favorable to form on the graphsticface. To summarize, the DFT
calculations suggest that graphitic N doping cafecéively enhance the surface
hydrogenation strength of graphene, and the C admcent to N is the most

favorable site for hydrogen adsorption.

(c) Gy—C-H-ortho-charge (d) GN—C-H-para-charge

Figure 4.1 (a,b) Deformation electron density istzsres of the two hydrogenated
structures for G sheet in Table 4.1 illustrated by top views (greefectron
accumulation; yellow, electron depletion); (c,dystifeld charge distributions of the
two hydrogenated structures fog Gheet in Table 4.1 illustrated by side views (H,
white; N, blue; C, grey).

4.3.2 Hydrogen adsorption and migration on Pgsupported Gy sheet
To find the most stable structure for, Rtisorbed on the (ssheet, we put the
tetrahedral Rtcluster above various sites to have differeniahitonfigurations on

the supporting substrate. As shown in Figure 4tBa, Pj cluster forms a stable
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structure on the sheet (&-Pt), in which three Pt atoms interact with the C-C
bonds surrounding the N atom after the optimizatibime corresponding adsorption
strength AEp{ for Pt on Gy is about 1.582 eV, a little bit stronger than tbhil.184
eV for G-Pj (see Figure 3.2a). Similar to the B-doping effatttloe graphitic surface
property, graphitic N doping not only improves tmgdrogen adsorption ability, but

also enhances the metal binding strength for gragbkheet.

(a) GN-Pt4: AEpi= -1.582 eV (b) GN-Pt4-10H : AEchen -2.802 eV

Figure 4.2 Optimized structures of (a), Pluster on G sheet (G-Pt), and (b)
saturated Rtcluster on G sheet with 10 H atoms chemisorbedy{&4-10H) (H,
white; N, blue; C, grey; Pt, cyan). The bindingestyth of P |AEp| on Gy sheet is
1.582 eV, a little bit stronger than that of 1.X84for the undoped graphene case. The
chemisorption energy per H atof.em for the saturated Ptluster on G sheet is
about -2.802 eV, indicating a strong #éissociation ability for the metal cluster.

The same strategy as that used in Chapter 3 hasilbgpéemented to simulate
the H dissociation process and model the H saturatioRtprluster. Initially eight
H, molecules are put around the metal cluster abuarlocations for Pt. If the
metal cluster detaches away from the supportingtsatie after the optimization, then
the initial number of Blmolecules will be gradually reduced and the stmectvill be
reoptimized, until we obtain the H-saturated &tster that does not lose the contact
with the Gy sheet. As shown in Figure 4.2b, there are totalyH atoms fully
chemisorbed on Rfor Gy sheet (G-Pt-10H), with only one Pt binding to the
underlying substrate. According to Eq. (3.2), tkkerage chemisorption energy per H
atom AEchem On P is estimated to be -2.802 eV foryGheet, with respect to the
energy of a single H atom. Similar to the undopegbhene case (see Figure 3.2¢), the

Pt, cluster has a tendency to detach and leaves melyPbatom in direct contact with
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the supporting substrate upon hydrogenation, wiliclicates a weak interaction
between Rtand G sheet. Obviously, though the graphitic N dopindpaactes the
metal binding strength for graphene sheet, itilsrgit strong enough to stabilize the
Pt cluster upon hydrogenation, and thus there isrmath improvement of the H

dissociation ability for the metal cluster suppdrom the G sheet.

i ¥ et Les

.,1- E(Gy)=1.994 eV

‘."h.

o T T e F(Gy)F1.576 6V

Figure 4.3 Optimized structures of initial (R),rsiion (TS), and final (P) states for
the H migration process from saturated &tister to the supportingnGsheet. The
black bars denote the relative energy levels cfelstructures, with the corresponding
schematic diagrams (H, white; N, blue; C, grey;dygn) drawn aside. The calculated
activation energye, for the H migration from Rtto the G sheet is 1.994 eV. The
reaction energy of the migratidf, with respect to the initial state is estimatedo
1.576 eV. The dashed arrows are used to guideytee e

As we have known from Chapter 3, the H migratiothis rate-limiting step in
the hydrogen spillover process, and the migratianriér is the key factor that
determines whether the H spillover gains fast kisetinder ambient conditions. As
shown in Figure 4.3, by dragging one H atom from ithtial reactant R((p) to the
top of a C atom in the substrate, we carried ootgry optimizations subsequently
to get the final product P} For clarity, the red arrow is used to depict the H

migration direction, pointing to the targeted C maton the (g sheet. From our
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calculations about H adsorption or &heet, we know that the C atom adjacent to N
is the most favorable site to adsorb H wiif,=-1.749 eV (see Table 4.1). However,
the H atom would rebind to the jRtluster after optimization, due to the relatively
close distance between the H atom and the metatecluTherefore, the C atom
opposite to N in the hexagonal ring becomes thet fawsrable site for H adsorption,
where H binds on top of the C to form a stablecstme, with a C-H bond length of
1.136 A (see P(Q in Figure 4.3). Noticeably seen in R(Gthe Pjcluster also
moves toward the migrating H atom, showing kindvirational behavior for the
metal cluster during the H migration process. Hetite complete LST/QST method
used to locate the transition state in Chapter Gldvoot be valid for the Gcase, i.e.,

it would not find the transition state along theested reaction coordinate for the H
migration process. In this case, we thus useddhstained geometry optimization to
estimate the H migration barrier, by gradually afing the Pt-H bond distance. The
transition state TS(Q, as illustrated in Figure 4.3, has an activatiemergy
E4Gn)=1.994 eV for the H migration. The migrating H ratois away from
hydrogenated Rtwith a Pt-H distance about 2.5 A, and there i® als C-H bond
formed in TS(G). The corresponding reaction enekgy(Gy) is about 1.576 eV with
respect to the energy of R({z Compared with the undoped graphene case (see
Figure 3.3), both the activation and reaction eiesrpave been lowered by almost
30% for the H migration on @sheet. However, the H migration process still thas
activation energy of around 2 eV foryGheet, which greatly inhibits the hydrogen

spillover at ambient conditions.

4.3.3 Adsorption of H on pyridinic-N doped graphenesheet

For the pyridinic N case, there are three nitrogahstitutions surrounding a
carbon vacancy in the graphene sheet. By puttiegtbatom on different sites of the
pyridinic-N doped graphene sheety{(), we obtained two lowest-energy structures
for the hydrogenated £z.n sheet after optimization. The schematic diagraayts),(the
deformation electron density isosurfaces (c,d),wadl as the Hirshfeld charge

distributions (e,f) for these two hydrogenateg, structures are illustrated in Figure
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4.4. Figure 4.4a shows the most stable structurehi® hydrogenated §z.n sheet,
where the H atom occupies the vacancy site andshanth the three N atoms in the
graphene plane (f@.n—V-H). The calculated hydrogen adsorption energwbsut
-4.226 eV, indicating extremely high hydrogenatisinength for the pyridinic-N
doped graphene sheet. When the H atom binds oetdCtlatom opposite to the
vacancy site in the hexagonal ring, it also formsstable structure for the
hydrogenated .~ sheet (Figure 4.4b: &n—C-H-ara). The corresponding
hydrogen adsorption energy forf—C-H-para is estimated to be -2.021 eV, also
showing enhanced hydrogenation ability for thg,( sheet, compared with the
undoped graphene case.

From theisosurface of deformation electron density, it banfound that there is
a relatively small depletion of electron (yellowgiens) around the vacancy site,
accompanied by excessive electrons accumulati@egregions) around the N atoms,
with dangling bonds pointing towards the vacanagyFe 4.4c, 4.4d). On one hand,
since nitrogen has one more valence electron thamon and possesses relatively
strong electron affinity, the N substitutes attralgictrons from the nearby C atoms,
resulting in a Hirshfeld charge of about -0.1 facle doped N, and that of ~ 0.05 for
the adjacent C (Figure 4.4e, 4.4f). On the otherdhahe excessive electrons on N
atoms are stabilized by the vacancy site, whiclabe as a hole and is very easy to
trap electron donors like the H atom, thereby foignstrong N-H bonds due to
electron-hole interactions. Moreover, the pyridiNicdoping greatly changes the
in-planer—electron distribution of the graphene sheet. Ebdast are more readily to
move upward and thus facilitate the covalent boadnétion. In this way, the
hydrogen adsorption strength is also substantializanced, considering both the
sp>-hybridization and structural symmetry, for the @®rm on the Gyrn Sheet
(Gpyr-n—C-H-ara). In a word, the DFT calculations suggest thatdiyic-N doping is
more effective in modifying surface hydrogenatidresgth of graphene, compared
with the graphitic-N doping. Therefore, great imgEment of H migration barrier in

the hydrogen spillover process is expected on thanSheet.
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(@) Goyr-n—V-H: AE4= -4.226 eV (b) Gpyr.n—C-H-para: AEy=-2.021 eV

(e) Goyrn—V-H-charge (f) Gpyr-n-C-H-para-charge

Figure 4.4 (a,b) Schematic diagrams of two lowestrgy structures for hydrogenated
Gpyr-n Sheet illustrated by side views (H, white; N, bl@e grey); (c,d) Top views of
deformation electron density isosurfaces of (agweén, electron accumulation;
yellow, electron depletion); (e,f) Side views ofrstifeld charge distributions of (a,b).

4.3.4 Hydrogen adsorption and migration on Ptsupported G,.n sheet

Different from the G case, the tetrahedral,;Riuster was found to stand above
the vacancy site and bind with three N atoms dffteroptimizatoin, with only one Pt
atom in contact with the .y sheet to form a stable structure (Figure 4.55:Pt).
The calculated adsorption strengitied| for Pt on G,y.n is about 3.925 eV, much
stronger than that of 1.582 eV fon®1 (see Figure 4.2a). Apparently, pyridinic-N
doping produces better hydrogen/metal adsorptidityator graphene sheet than the

45



graphitic N does.

(a) prr-N'Pt4: AEPtz ‘3.925 eV (b) prr-N'Pt4‘16H . AEchen']: ‘2.709 eV

Figure 4.5 Optimized structures of (a) Bluster on Gy.n sheet (Gy.n-Pt), and (b)
saturated Rtcluster on Gy sheet with 16 H atoms chemisorbeg¢-Pu-16H) (H,
white; N, blue; C, grey; Pt, cyan). The bindingesgith of P4 |AEp{| on Gyr.n Sheet is
3.925 eV, much stronger than that fog-Bl,. The average chemisorption strength per
H atom AEchen| for the saturated Rtluster on Gy.n sheet is about 2.709 eV, which is
weaker than that for (Pt;-10H.

Without losing the contact with thepfany sheet, as shown in Figure 4.5hbwits
found to saturate with 16 H atoms chemisorbed enbifidge or corner sites of Pt
(Gpyr-n-P-16H) after the optimizatoin. Among these sixteeratdms, fourteen are
from seven fully dissociatedlholecules via the metal cluster, and two are from o
partially dissociated pwith a H-H bond length of about 0.846 A. The cepending
chemisorption strength per H atofAE}nen] for Gyyr.n-Pla-16H is estimated to be 2.709
eV, weaker than that of 2.802 eV fox-®Bt%-10H. Compared with the (Gcase, more
H, molecules can be dissociated by and then adsaédae P cluster supported by
the Gyr.n sheet, resulting in the averagely reduced cheptisor strength per H atom
for the H-saturated Ptluster. Although only one Pt atom is in direchizxt with the
supporting substrate, the metal cluster upon Hraatun still firmly binds with the
nitrogen atoms in the . sheet. Obviously, the pyridinic-N doping can efffieely
stabilize the metal catalyst upon hydrogenationclviwould then serve as a stable H

source for the subsequent H migration from met#héoG,,.n sheet.
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Figure 4.6 Optimized structures of initial (R),rsaion (TS), and final (P) states for
the H migration process from saturategd ¢ister to the supporting,an sheet. The
black bars denote the relative energy levels cdelstructures, with the corresponding
schematic diagrams (H, white; N, blue; C, grey;dgan) drawn aside. The calculated
activation energ¥, for the H migration from Rtto the Gy, sheet is about 1.052 eV.
The reaction energy of the migrati&p, with respect to the initial state is estimated to
be 0.675 eV. The dashed arrows are used to guideyes.

As shown in Figure 4.6, by dragging one H atom frdm initial reactant
R(Gyyr-n) to the top of the unoccupied C atom oppositeht® tacancy site in the
hexagonal ring, which represents the most feasialg for the H migration reaction
from Pt to the Gyr.n sheet according to our calculations (see Figutb)4we carried
out geometry optimizations subsequently to gefitia product P(Gy.-n). For clarity,
the red arrow is used to depict the H migratioreation, pointing to the targeted C
atom on the @.n sheet. The optimized structure of B¢G&) has a C-H bond length
of 1.132 A, with the metal cluster slightly leantt® migration H atom. We used the
constrained geometry optimization method to esentae H migration barrier, by
gradually changing the C-H bond distance. The thans state TS(Gn), as
illustrated in Figure 4.6, was located at a C-H ddength of about 1.5 A, with the

activation energyEs(Gpyr.n)=1.052 eV for the H migration. The corresponding
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reaction energ¥m(Gpyr-n) is about 0.675 eV with respect to the energy J3n).
Compared with the (case, the H migration process is substantiallyrawgd both
kinetically and thermodynamically on thg,t sheet. Accordingly, we can conclude
that the pyridinic-N doping can greatly enhancedtdace hydrogenation strength of
the graphene sheet and effectively lower the H atign barrier to be about 1 eV,
though still high for room temperature applicatioi$ie pyridinic-N doping thus
should be responsible for the H spillover proces®ladoped graphene rather than the

graphitic-N doping.

4.3.5 Comparison between B-doped and N-doped grapme for the H spillover

Since we have investigated the hydrogen spilloveocgss through
first-principles calculations on both B-doped andidped graphenes, the comparison
between these two cases would certainly lead wmoe basic points about the H
spillover mechanism on the graphitic surface.

First, the metal cluster as a catalyst for hydrodiessociation in the H spillover
is an indispensable medium, through which H atoamsrmigrate onto the supporting
substrate with relatively fast kinetics, since dirdissociation of KHlon the graphene
is always with a high activation barrier.

Second, the low activation barrier for H migratimom metal to substrate
requires both the stable H-saturated metal clusted the strong surface
hydrogenation strength. Both boron doping and géro doping can meet the
requirements but with different manners. For B-abgeaphene, direct substitution of
boron for carbon can effectively enhance the hyenogdsorption ability of graphene,
and stablize the metal catalyst upon hydrogenathile for N-doped graphene,
direct substitution of nitrogen for carbon, i.eetigraphitic-N doping, has small
influence on the metal stabilization. It is theidyric-N doping that greatly improves
both the hydrogenation ability and the metal bigdtrength for the graphene sheet.

Third, since the doped B or N atoms only have dluence on the nearby C
atoms on the substrate, further diffusion of thgrated H atoms on the graphene

sheet would be difficult with a high diffusion bign Therefore, a doped graphene
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sheet with B or N uniformly distributed would begaod candidate for hydrogen
storage applications by H spillover. For B-dopedpiene, the high symmetry BC
sheet, the bulk material of which can be experimbntsynthesized, can have a
relatively low activation barrier for the H diffusi on the substrate (see Figure 3.5).
While for the N-doped case, no proper material$rwinhiform distributions of the
pyridinic-N on the graphitic surface are ever répor Nevertheless, since both
graphitic N and pyridinic N are observed experimaént it is more likely to have
some graphitic-N distributed among the pyridiniosN the substrate, which would
facilitate the whole H spillover process for praati applications. Such a kind of
graphene sheet in which graphitic-N and pyridiniesid co-doped with some pattern,
is an interesting model substrate, and it will tneestigated for the hydrogen spillover

study in my future work.

4.4 Summary

In summary, two types of N-doped (graphitic-N, pymic-N) graphene sheets
were investigated for the hydrogen spillover stUdizT calculations show that both
graphitic-N and pyridinic-N doping can enhance therogenation strength for C
atoms around N on the substrate. However, theytatahetal can only be firmly
absorbed on the pyridinic-N doped graphene sheetfamher dissociate more,H
molecules into H atoms, compared with the undopaglene case. The simulation
on the hydrogen migration reaction, the rate-lingtstep in the H spillover process,
gives a substantially lowered activation barrierabbut 1 eV for H migration from
metal to pyridinic-N doped graphene, indicatingt thgridinic-N doping could be an
effective approach in modifying graphitic surface hydrogen storage applications
by H spillover. Further improvement on the H spilo effect for N-doped graphene
is highly desired, and the co-doping of graphitiahd pyridinic-N on the graphene
sheet, where graphitic-N may distribute among pyiedN with some pattern, is

expected to contribute at this point, which neendithér investigations in the future.
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Chapter 5
DFT Study of Hydrogen Spillover on Carbon Doped Boon

Nitride Sheet

As an analogue to the graphene sheet, boron nigBt® sheet is chosen as a
substrate for hydrogen spillover study in this ¢eaprhe carbon doping effect on the
surface hydrogenation ability of the BN sheet Wwélinvestigated. The metal catalytic
performance, as well as the possibility of hydrogeillover on C doped BN sheet

will be addressed.

5.1 Introduction

As an analogue to the graphene, hexagonal boroden{BN) sheet has received
much attention. Graphene and BN sheet have simsitactural motifs yet different
electronic properties. The graphene sheet is ansetal, with purely covalent C-C
bonds. While the BN sheet is a wide band gap serdioctor, with partially ionic B-N
bonds due to the electron donation from B to N.eRdy, the single layer BN sheet
has been successfully synthesizZ&dThe polarizable property of BN sheet was
predicted to be beneficial to the, Hadsorption under the electric fieRfs.The
hydrogen chemisorption property on the hexagonalsBBet was also investigated,
and the barrier was estimated to be 2.39 eV wheth was dissociated on the
neighboring B and N atont&! Obviously, the high bidissociation barrier indicates
the weak hydrogenation ability for the BN sheetweshave known from the last two
chapters, the hydrogen spillover method is a gggaaach in lowering the activation
barrier for hydrogen chemisorption with the helpnoétal catalyst, and the doping
method is very effective in modifying the hydrogedsorption strength of the
substrate. Therefore, it could be an interestingkwto study the hydrogen spillover
property on the carbon doped BN sheet.

In the present work, first-principles calculatiohswve been carried out to

investigate the hydrogen spillover property op-dtpported BN sheet. We used a C
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atom to substitute for one B £or N (&) site in the BN sheet, both showing great
enhancement in the hydrogenation ability for thbstate. For the £case, Btis
found to saturate with 10 H atoms without detachawgay from the supporting
substrate after geometry optimization, and the Hration barrier from metal to
substrate is estimated to be over 2 eV, which itdthe H spillover from taking place.
For the G case, the Rtcan accommodate up to 16 H atoms towards sataoratio
without losing the contact with the BN sheet. Tladcolated H migration barrier is
about 1.4 eV, much lower than that for thg €se, though still high for the H
spillover to occur under ambient conditions. Thenparison between B/N-doped
graphene and C-doped BN sheet for the hydrogeioegpilis also addressed at the

end of this chapter.

5.2 Computational methods

All calculations have been carried out by usinggame methods and parameters
as those used for B(N)-doped graphene cases itashéwo chapters. The detailed
descriptions can be found in Section 3.2. A (6x§)escell with periodic boundary
conditions on the-y plane was employed to model the infinite boromiatgt sheet.
The vacuum space was set with 20 A in thdirection to avoid the interactions
between periodic images. The transition state fonigration was estimated by using
constrained geometry optimization method. The ampllattice parameter of the BN
sheet has been optimized to be 2.519 A, whichdsecto the experimental value of

2.505 A0
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5.3 Results and discussion

5.3.1 Adsorption of H on boron nitride sheet and 1&loped BN sheet

Table 5.1 Calculated hydrogen adsorption enerdy), the corresponding H-bond
length @c.+/dgn)-H), and the Hirshfeld charges of C and H-bond rdlatems, for the
hydrogenation on boron nitride sheet and 1C-dopgediBeet (BN-@(N)).a

AEy  dew/dggny-n Hirshfeld charge
(eV) (A) B N C H

BN-B-H % -0.011  1.299 0.092 -0.002
BN-N-H % 0.836  1.075 -0.120 0.104

BN-Cg—C-H

BN-H/ BN-Cg-H

-3.556  1.107 0.120 0.031

BN-Cg—B-H-meta

BN-C\—C-H % -3.946  1.117 -0.219 0.067

o

BN-Cy—N-H-meta -1.997 1.036 -0.098-0.304 0.161

* The two lowest-energy structures for hydrogen&iNeCg ) sheet, as well as the optimized structures
for hydrogenated boron nitride sheet, are illustidby side views. For clarity, only the hydrogeoati

-2.659  1.237 0.065 0.200 -0.104

regions are drawn as schematic diagrams (H, wlijtpink; C, grey; N, blue).

The influence of carbon doping on the hydrogenatibhoron nitride sheet was
investigated. There are two simplest ways for Cirpjon the BN sheet: one is a C
substituting for a B atom @; the other is a C replacing one N atomXClable 5.1
shows the calculated hydrogen adsorption energysiafigle H atom on boron nitride

sheet and on one C atom doped BN sheet (BNyC the corresponding H-bond
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length, and the Hirshfeld charges of relevant atohim® schematic diagram of each
stable structure obtained after optimization isoaiustrated. The deformation
electron density isosurfaces for the six hydrogeshagtructures in Table 5.1 are
depicted in Figure 5.1 to assist our analysis. Adiog to Eq. (3.1), the calculated
hydrogen adsorption energ\ey for H atom adsorbed on the B (BN-B-H) and N
(BN-N-H) site of the BN sheet is -0.011 eV and ®.&3/, respectively. Evidently, the
surface hydrogenation ability of BN sheet is evexaker than that of pure graphene,
indicating that the hydrogen spillover could ndteglace on the pristine BN sheet
under ambient conditions. In contrast, great imprognt on the hydrogenation
strength is obtained for the C doped BN sheet. ther G case, the hydrogen
adsorption strengthAEy| is about 3.556 eV for H adsorbed on the doped C
(BN-Cg-C-H). When H is adsorbed on the nearest B sitehto doped C atom
(BN-Cg-B-H-meta), the corresponding\Ey| is estimated to be 2.659 eV, much larger
than that for BN-B-H on the pristine BN. Similarfgr the G, case,AEy| also has a
large value of 3.946 eV and 1.997 eV for H adsorbedC (BN-Gy-C-H) and the
nearest N site to C (BN{EN-H-meta), respectively. Therefore, not only the doped C
atom works as an active site for H adsorption lbsth ghe B or N site close to the

doped C on the BN sheet is greatly influenced witbng hydrogenation ability.
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(e) BN-Gz—B-H-meta (f) BN-Cn—N-H-meta

Figure 5.1 Deformation electron density isosurfamfefe six hydrogenated structures
in Table 5.1 illustrated by top views (green, glectaccumulation; yellow, electron
depletion).

From theisosurface of deformation electron density, as showFigure 5.1, it
can be found that the electrons accumulate (gregions) between B-N bonds and
deplete (yellow regions) on boron atoms due toetleetron transfer from B to N on
the BN sheet. However, there is no electron depietirea in the centre of the BN
hexagonal ring, which is different from that of tgeaphene case (see Figure 3.1),
indicating that the electrons are more localizedhim BN sheet than they are in the

graphene. Since both B and N atoms prefeisphdybridized interactions, they form
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a very stable B-N network in 2D, i.e. the BN shéetthis way, the coupling between
the localized in-plane electrons and the electioH atom is very small, resulting in
very weak hydrogen adsorption on either B (BN-BaN (BN-N-H) for the pristine
BN sheet. When one C substitutes for a B, theaereatively large electron depletion
area around the doped C (Figure 5.1c, 5.1e) dtieetelectron transfer from C to N,
with C possessing a large positive value in terfridishfeld charge. On one hand, C
atom prefers sp>-hybridized interactions and thus leads to greatiyhanced
hydrogenation strength for BNg€C-H. On the other hand, since C has one more
valence electron than B, the electron transfer fiénto N weakens the electron
donation from B to N. Hence, more electrons on B assist in the B-H bonding and
produce strong H adsorption strength for BpHESH-meta. In contrast, when a C
replaces one N, the doped C will behave as anrefeacceptor with a large negative
value of Hirshfeld charge, and there is a relayivatge electron accumulation area
around it (Figure 5.1d, 5.1f). Since C has one ledsnce electron than N, much
electron transfer from B to C will result in ledeatron flow from B to N. Therefore,
the electron of H would have more coupling with éhectrons of the targeted N atom
without experiencing strong electron repulsion, pamed with the undoped BN case.
So improved hydrogenation strength is obtainedBiNFCy-N-H-meta. Increased H
adsorption strength is also achieved for BNMGH due to thesp®-hybridization of
the C atom. In a word, C doping greatly improves lilgdrogenation ability of the BN
sheet, and the hydrogen spillover is thus expemtetthie C doped BN sheet.
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5.3.2 Hydrogen adsorption on RPicluster supported by C-doped BN sheet

(c) BN-Cg-Pt4-10H : AEchen -2.770 eV| (d) BN-Cn-Pts-16H : AEchen= -2.658 eV

Figure 5.2 Optimized structures of (a) Btuster on BN-@ sheet (BN-G-Pty), (b) Pt
cluster on BN-G sheet (BN-G-Pt), (c) saturated Rtcluster on BN-G with 10 H
atoms chemisorbed (BNg&Pt,-10H), and (d) saturated JAtluster on BN-G sheet
with 16 H atoms chemisorbed (BN¢®1t-16H) (H, white; B, pink; C, grey; N, blue;
Pt, cyan). The binding strength of,AEp| on BN-Gy sheet is 3.275 eV, stronger than
that of 2.869 eV on BN-g£sheet. The chemisorption energy per H attdfg,em for
the saturated Rtluster on BN-G and BN-G sheet is -2.770 eV and -2.658 eV,
respectively, indicating a strong kissociation ability for the metal cluster.

As stated in the last two chapters, the tetraheldtatluster is chosen as the
representative metal catalyst and is put aboveowarsites of the BN, sheet, in
order to find the most stable structure foydisorbed on the supporting substrate. As
shown in Figure 5.2a, the Rluster is attached to the BNsGheet (BN-G-Pt;) with
three Pt atoms above the B-N or C-N bonds afterofpteémization. The adsorption
energy of Pt on the BN-G sheetAEp; is calculated to be -2.869 eV. Similarly, there
are also three Pt atoms that interact with the BrNB-C bonds to form a stable
structure on the BN-¢sheet (Figure 5.2b, BNNZPL). The corresponding adsorption
strengthAEp{ for P, on BN-G is about 3.275 eV, stronger than that for BpHRL,.
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The same procedure as described in the last twptetsawas carried out to
model the H dissociation process ongRtluster and to obtain a H-saturated metal
cluster on the supporting BNgfy sheet. For BN-g, without losing the contact
between Rtand the supporting substrate after the optiminatioere are totally 10 H
atoms fully chemisorbed on /Figure 5.2c, BN-G-P;,-10H), which has only one Pt
remain binding with the C-N bond of the BN-Gheet upon H saturation. According
to Eq. (3.2), the average chemisorption energyHpatomAE..em0On Pf is estimated
to be -2.770 eV for BN-gsheet, with respect to the energy of a singledthatVhile
for BN-Cy, the supported PRtcluster can chemisorb 16 H atoms (Figure 5.2d,
BN-C\-P-16H) with AEchen=-2.658 €V, where the Rtluster has a lateral moving
and leaves two Pt atoms still bind to the undedysabstrate after the optimization.
Noticeably on the upper Pt atom, two adsorbed Hnat@re from one partially
dissociated Kwith a H-H bond length of about 0.863 A. Both casé the C-doped
BN sheets show somehow unstable metal binding om s$khbstrate upon
hydrogenation, which indicates that the H-saturd&dcluster may not serve as a

stable H source for the subsequent H migration fnegtal to the BN-g) sheet.

5.3.3 H migration from P, cluster onto the supporting BN-G) sheet

As shown in Figure 5.3, by dragging one H atom ftbmstarting reactant (R) to
the top of a B(N) atom in the substrate, we carmed geometry optimization
subsequently to get the final product (P). Howefarthe BN-G) sheet, we found
the H atom would migrate back to the, Bluster after the optimization, i.e. it only
forms a metastable state for the hydrogenationtdulee presence of Ptluster (see
P(BN-Gs) and P(BN-G) in Figure 5.3). In this case, we thus used thestrained
geometry optimization to locate the transitionet@tS) and estimate the H migration
barrier, by gradually changing the Pt-H bond lenbr clarity, the red arrow is used
to depict the H migration direction, pointing toethargeted B(N) atom on the

substrate.
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Figure 5.3 Optimized structures of initial (R),rsaion (TS), and final (P) states for
the H migration process from saturated, Bluster to the supporting BNz
substrate. The black bars denote the relative grievgls of these structures, with the
corresponding schematic diagrams (H, white; B, pi@k grey; N, blue; Pt, cyan)
drawn above or below. The calculated activatiorrgdng, for the H migration from
Pt; to BN-Gs and BN-G sheet is 2.313 eV and 1.418 eV, respectively.durple and
blue dashed arrows are respectively used to guideeyes for the two separate
migration reactions on BNgCand BN-G, substrates. The reaction energy of the
migrationE,, with respect to the initial state is estimateth¢ol.917 eV and 0.640 eV,
respectively, for the BN-g£and BN-G cases.

As illustrated in Figure 5.3, the calculated adima barrier E5(BN-Cg) for H
migrating to the BN-g sheet is about 2.313 eV, and the correspondimgitian state
TS(BN-Gs) has a Pt-H distance about 2.7 A. There is no bfomthed for the
migrating H atom in TS(BN-g), indicating an unrealistic migration process tioe
BN-Cg sheet. The migration reaction energy(BN-Cg) is around 1.917 eV with
respect to the energy of initial state R(BN}CBoth the high values dE,(BN-Cg)
andEn(BN-Cg) prohibit the H migration at ambient conditions 8N-Cg. While for

the BN-Gy case, the transition state TS(BN)Cas shown in Figure 5.3, has an
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activation energ¥,(BN-Cy)=1.418 eV for the H migration, with a Pt-H bonadgh

of 2.15 A. The corresponding reaction enefgy(BN-Cy) is about 0.640 eV with
respect to the energy of R(BNyIC Both the activation and reaction energies have
been greatly improved for the H migration on BN-$heet compared with the BNsC
case. Noticeably seen from Figure 5.3, the paytidissociated K molecule in
R(BN-Cy) becomes fully dissociated on the upper Pt atonthefmetal cluster in
P(BN-Cy) after the H migration. This eventually results time much improved
thermodynamical migration reaction. However, thenkgration barrier for BN-g is

still as high as about 1.4 eV, which is not apglleafor the hydrogen spillover at
ambient conditions.

Moreover, the direct dissociation of,Hbn the BN-Gny sheet was also
investigated since the doped C atom is very adtitle strong hydrogenation ability.
The H vertically binds over the doped C atom to form hygisorption state. We
performed the constrained geometry optimizationsgtadually changing the H-H
bond distance. The calculated dilssociation barriers for both C-doped cases age ov
1 eV, indicating the difficulty for direct dissotian of H, on the BN-G) sheet.
Hence, whether to use metal catalyst or not orsthstrate, the H chemisorption is

hard to achieve on the BNz sheet under ambient conditions.

5.3.4 Comparison between B/N-doped graphene and ped BN sheet for the H
spillover

Now we can have a comparison between B/N-dopechgrepand C-doped BN
sheet to have a better understanding of the hydregédlover on these substrates.
First, the doping method (B/N replacing C or vie¥sa) is an effective approach in
modifying the hydrogenation ability of the substigtboth B/N-doped graphene and
C-doped BN sheet exhibiting enhanced hydrogen ptlearstrength compared with
the undoped case. Second, the electron-deficiepinddGs, Gyyr.n, and BN-G),
which creates an electron acceptor on the substatehave relatively stronger metal
binding strength than the electron-sufficient dopi{tsy and BN-G) for graphene or

BN sheet, and thus can have more H atoms chemdadahe metal cluster with
59



relatvely high stability. The activation barrier ldf migration from metal to substrate
is also relatively lower for the electron-deficiaeshdping than the electron-sufficient
doping on graphene or BN sheet. Therefore, thetreledeficient doping is the
favored method to improve kinetics for hydrogerllgper on both graphene and BN
sheet. Third, as we have discussed in the lastehapuniform distribution of B or N
dopants on graphene would facilitate the whole Hoser process on the substrate.
However, since C-C and B-N bonds are more stalde 8-C and C-N bonds, C
atoms would not uniformly distribute but form a damim on the BN sheet, which
indicates that C-doped BN sheet is not a suitabédernal for hydrogen storage
applications by H spillover. We can conclude thAtl-loped graphene is a favorable
material over C-doped BN sheet for H spillover ahduld be investigated with much

efforts in the future.

5.4 Summary

In summary, C-doped BN sheet with a C replacing Bn@BN-Cg) or one N
(BN-Cy\) was investigated for the hydrogen spillover studiT calculations show
that C doping can greatly improve the hydrogenatibifity for the BN-G) sheet, in
which the doped C atom is the most favorable sitehfydrogen adsorption. Strong
metal binding strength is also obtained on the BiynGheet; however, the catalytic
metal upon hydrogenation shows a tendency of detgaway from the supporting
substrate, indicating some kind of instability fibre catalytic performance in the
hydrogen spillover process. The calculated actwvabarriers for H migration from
metal to substrate are about 2.3 eV and 1.4 e\BiiCg andBN-Cy, respectively,
both high values prohibiting the H migration reantiat ambient conditions. Further
improvement on the substrate to have C atoms umijodistributed on the BN sheet
is also unfeasible, since carbon and boron nifigder phase separation. In a word,
C-doped BN sheet is not an appropriate materiahjoirogen storage applications by

H spillover.
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Chapter 6
DFT Study of Hydrogen Storage on Carbon Doped Boron

Nitride Fullerene

Following the study on boron nitride sheet in tastIchapter, here we are going
to investigate another form of BN material, boratrigke fullerene, which has been
proposed for hydrogen storage applications. Rivetwill examine the (BN} cluster,
the smallest stable BN fullerene, to see how Cyuppiinfluences the
hydrogenation/dehydrogenation properties of BNefglhes. Then the kinetic issues
of the hydrogenation reactions on both pristine &doped BN cages will be
discussed. At the end, two more BN nanocages, @iyl (BN}4, will be introduced
in our theoretical calculations to see how the nteurvature helps in reducing the

activation barrier for the hydrogen dissociationtlo® BN fullerenes.

6.1 Introduction

Boron nitride cages (BNC), the analogues of theefahes, have been
successfully synthesiz#§*%®and observed to have the possibility of storingit%
hydrogen gas®® Theoretical predictior® showed a b storage amount of ~4.9 wt%
could be achieved with 38Hinolecules in BNeo. Compared with the storage in
carbon cluster, hydrogen is more stable in BN fales, implying that BNC could be
good candidates for hydrogen storage materials. édewy their research focus on
hydrogen storage property of BNC is mainly from #spect of physisorption, the
chemisorption of hydrogen on BNC materials is marstudied. Recent research
pointed out that hydrogen molecules could easiaps from the BN nanocage at
room temperature, which would greatly hinder thacpcal applications of BN
fullerenes as hydrogen storage mateffals.indicates that the physisorption of H
molecules in BN cage structures may have its isitidrawback in terms of thermal
stability for hydrogen storage applications, du¢hte weak binding strength between

H, and BN fullerenes. Here, we present a computdtisnaly to investigate the
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hydrogen chemisorption property of C-doped BN felfees, a new class of BNC
material. Our prediction indicates that the C-dopétfullerene is a hydrogen storage
material, whose hydrogenation and dehydrogenatiopactions can be

thermodynamically favored under ambient conditioftse hydrogenation reaction on
C-doped BN fullerene is a metal free and self-gatad process, in which the C atom
works as an activation center for the hydrogenaodis¢ion, and the corresponding
activation barrier can be sufficiently low on largervature BNC materials for

practical applications.

6.2 Computational methods

As ideally expected, hydrogen is absorbed in tlgage medium at a high
pressure, low temperature condition (10 bar,25 and is released at a low pressure,
high temperature condition (1 bar, 100), which ensures safe operations for a
practical devicé® Thus, two thermodynamic restrictions for hydrogstorage

materials, in terms of BNC, can be set up as fatow

BNC + H, O™*Ff- BNC, AG <0, ()
BNC, OTF*fl. BNC +H, AG,<0, 0

where both Gibbs free energy changes of hydrogamaéind dehydrogenation
reactions are required to be negative. This hetpsaneen the appropriate BNC by
analyzing the Gibbs free energy changes in thedggiration reaction of BNC and
dehydrogenation of the corresponding BNC hydrid&@B), in which hydrogen
atoms are chemisorbed on the outside of the BNC.

We choose (BN) (Figure 6.1), the smallest stable BN fulleréh&?® as a
representative to search the suitable BNC for hyeinostorage. Since all B sites are
equivalent in (BN), under T, symmetry, by substituting C atoms for up to two B
atoms, we totally get seven BNC structures for stigation. As illustrated in the
second column of Table 6.1, the seven BNC are: pedi¢BN)- fullerene (B2N1»),
1C-doped (BNj, (B11N12C), and five 2C-doped (BM) with different C-C spans
(B1oN12C2-1 ~ B1gN12C»-5). To determine whether these BNC are thermodycsdiy
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favored in the hydrogenation and dehydrogenatiactiens, we carried owb initio
calculations using hybrid density functional B3LYifethod® ™ with the standard
6-31G* basis set, which has been found to be quitgjuate for the present systéf.
For simulating the full hydrogenation process, wedeiled the BNG molecules by
putting one H atom on each site of the nanocagemasitial structures, where the
distance between the H atom and the site is ds tbA. All the structures were fully
optimized and found stable, which was examined blgrational frequency

calculations. To study the thermodynamic quantiti&bbs free energ, enthalpyH,

entropy S and heat capacityc, of each structure are calculated with the

consideration of the contribution from the vibraticsince the theoretical calculation
usually gives a relative overestimation to the ailamal modes, a frequency scaling
factor of 0.96 was adopted for thermal energy @tisas™® from the vibration of
chemical bonds, in order to compare with the expental results. Then, with
standard thermodynamics thedtywe can evaluate the thermodynamic properties of
each structure under different temperature andspresconditions. Here, all the

calculations were performed with the Gaussian @g@m’>

Figure 6.1 (BN, fullerene with an overall symmetry @f, composed of six squares
and eight hexagons. All B sites are equivalengreoall N.
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6.3 Results and discussion

6.3.1 Thermodynamics of hydrogen chemisorption on-@oped BN fullerenes

Table 6.1 Calculated thermodynamic datéld, AG, AG;, AG,, kJ/mol;AS, J/mol-K)

per mole of H gas (average values of full hydrogenation) adstirbkeased in the
hydrogenation reaction of the BNC, and the maxintyairogen content (wt%) of the
corresponding BN@ Te ('C) refers to the temperature when Gibbs free energy
change for the dehydrogenation reaction equals Zéve front views of investigated
BNC molecules are shown (B, pink; C, grey; N, blue)

BNC AHe  AG AS Te AGy AG, Wwt%
o
o o
B1oNi2 o © 55.26 15.79 131.11148.7 -21.49 6.29 7.46
© ®
o
@
o o ©
B1iN1:C @ © 39.31 1.79 12581 393 -750 -7.74 7.43
@ ©
a
o
® o ©
B1oN12Cs-1 o © 81.78 38.68 138.68 320.1 -44.39 29.12 6.84
© O o
®
o
® o ©
B1oN12C5-2 ¢co ©O 73.05 31.12 136.53 264.0 -36.83 21.57 6.84
o ®
@
o
® o ©
B1oN12C5-3 @ @ 23.74 -11.90 118.14 -725 6.19 -21.53 7.41
] ]
co
-0
& @
B1oN12Cs-4 © © 24.62 -11.17 118.85 -66.3 5.47 -20.81 7.41
© o
O
o
@ ®
B1oN12C2-5 o © 23.47 -12.24 118.23 -75.0 6.53 -21.91 741
o b4 ©

Table 6.1 shows the computational results per nobdlél, molecules of the
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reaction.AG; is the Gibbs free energy change per mole pfja$ adsorbed at 10 bar

and 257 in reaction (1), calculated as below:

AG, =[G(BNC,;)~G(BNC)-nG(H,)| /n, 6.1)
wheren is the number of HimoleculesAG;is the Gibbs free energy change per mole
of Hyreleased at 1 bar and 1@0in reaction (II):

AG, =[G(BNC)+nG(H,)-G(BNC,)| /n. 6.2)
AG is the Gibbs free energy change for the dehydrdgenaeaction calculated at
25°C and 1 bar via Eq. (6.2). In our case, for the liyliirogenated fullerene,equals
12, and the calculated Gibbs free energy changenptr of His actually an average
value of the reactionl, is the H release equilibrium temperature when Gibbs free
energy change for the dehydrogenation reaction leguero. The corresponding
enthalpy and entropy changesH. and AS,, are obtained based on Ellingham
approximation.2 For the (BN), fullerene, the dehydrogenation reaction is
endothermic, wit\G, AHe andAS.all being positive. Though its free energy change
for reaction (I) is negative, 6.29 kJ/mol energytcm reaction (II) makes the,H
release at 100C not thermodynamically favored for (BN) With one C atom
substituting for a B site on (BR) the free energy changés is effectively lowered
to 1.79 kJ/mol, indicating a much improved dehyemagion process for8N1,C,
which is predicted to dehydrogenate spontaneousl39a3 ‘C according to our
calculations. Moreover, both free energy changeB;gfi1,C for reaction (I) and (II)
are negative, showing thatBl;,C can reversibly store 7.43 wt% hydrogen (one H

atom adsorbed on each site ofi¥;,C) under ambient conditions. This C-doping

? The changes of enthalpyH, and entropyAS. per mole of H molecules released at the equilibrium

temperature T, are calculated according toAH,=AH(298)+ (Ac, h+R) (T, -298 and

AS, =AS(298)+ (Ac, h+R)In(T, /299, whereR = 8.314 J/mol-K AH(298),A5(298) and Ac,

are respectively the changes of enthalpy, entroplytatal heat capacity at 26 and 1 bar, calculated
in a dehydrogenation reaction. Since the Gibbs éeergy change equals zeroTat we can have

T.=AH_/AS,.

65



effect as previously reported for BN nanotub@s’is attributed to the different

electronic structures between C and B atoms. Sth@om has one more valence
electron than B, BN;,C locally behaves electron-rich and possesses ldatran
donor property around the C atom. Consequentlyrepalsion between the electrons
of the H and ther—electrons of the BN1,C nanocage is enhanced, thus weakening
the chemical bonds between the hydrogen and thecage. Ultimately, hydrogen is
more easily released from8l;,C.

Interestingly, as one more C atom doped on thetd3 svo different effects are
observed. On one hand, following the dehydrogenatithanced effect as discussed
above, the free energy chang&S for BiogN12C;-3 ~ BigN12C, -5 are all negative,
implying a thermodynamically favored,elease process. But the penalty is that the
binding of H atoms onto these BNC becomes difficlle to the positive values of
AG;. On the other hand, when the two C atoms are lmgeas in the BN1,C;-1
(C-C: 2.06 A) and BN1,C,-2 (C-C: 2.57 A), the two neighboring N atoms (the
N atoms at the center of BNC front views in Tabl&)@6will not adsorb H atoms,
because their excessive electrons transferred thhertwo C atoms greatly weaken the
chemical bonds between the nanocage and the hydréberefore, different from the
above cases where a full H coverage of 24 H at@nse achieved, only 22 H atoms
now can be attached to the BNC, resulting in anralvelehydrogenation-worsen
effect for BoN12C> -1 and BoN1.C; -2, whose free energy changs& have larger
positive values compared with that of (BMN)We can draw a conclusion that no more
potential BNC for hydrogen storage can be foundnase C atoms replace B atoms
in the (BN)» fullerene (B2xN12.Cyx, X>2).

Furthermore, noticeably seen from Table 6.1, th&opy changes of the
reactions are around 130 J/mol-K, indicating thila¢ tentropy change of the
dehydrogenation reaction is mainly due to the sseaf the hydrogen gas, not much
dependent on the structures of BNC molecules.

We have also investigated the other two possildes;avhere C atoms substitute
for N atoms in (BN):fullerene or a B-N pair of (BN)}is replaced by a C-C pair.

Unfortunately, neither of them can provide gooddidates for hydrogen storage
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materials. Since C atom has one less valence atetttan N, BoN1,..Cx (X=1,2) is an
electron-deficient complex having the electron ataoe property. So the hydrogen
chemisorption energy of BNC in the first case isr@ased, resulting in even worse
dehydrogenation property of the corresponding BN dowever, this strategy can be
applied to BN fullerenes with larger sizes than {BNfor large BN nanocages with a
full H coverage have small H chemisorption enedyy.for the second case, which
can be viewed as a combination of (BNInd G4, the same trend as in the first case
with respect to the dehydrogenation property isaioled, due to the high release

equilibrium temperature af. 900C for Cy4 fullerene.

6.3.2 Kinetics of the hydrogenation reaction on C-gped BN fullerenes

To investigate the kinetic issue in the processhefhydrogenation on the BN
fullerene, we calculated the activation barrier éore B fully chemisorbed on the
above proposed EN1,C nanocage, as well as that for the undoped {Bidse for
comparison. To obtain a more accurate result of dbgvation barrier for the
hydrogenation reaction, we used the standard 6-31k&sis set, where both electron
diffusion and polarization effects have been inellidThe transition states located in
our calculation were verified by the intrinsic réan coordinate (IRC) methad® **°

Figure 6.2 shows the calculated reaction diagramtife H adsorption on the
undoped BN, fullerene. Seen from the schematic diagrams of ithigal (1S),
transition (TS) and final (FS) states in Figure, @i#2 H molecule initially adsorbs
above the B atom of the;B1, cluster, and then as the Hirther approaches parallel
to the B-N bond, the two H atoms gradually sepaaaie a transition state is formed
when the H-H bond length is about 0.980 A. The esponding activation barrier
(energy difference between TS and 1IS) for the hgenation reaction is estimated to
be 1.194 eV, which is a little bit high for hydragstorage applications under ambient
conditions. Thus, the pristine (BN)fullerene has the disadvantage of slow

hydrogenation kinetics as a candidate of hydrogerage materials.
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Figure 6.2 Calculated hydrogenation reaction diagrimr the undoped BNi»
fullerene. The schematic diagrams of initial (IBqnsition (TS), and final (FS) states
are illustrated by side views (H, white; B, pink; blue.). The energy of the reactant
(IS), which corresponds to the, ighysisorption state of;8N1», is set to be zero. The
activation barrier for the Hadsorption on BNj» is about 1.194 eV, and the energy of
product (FS) with respect to reactant (IS) is ested to be -0.464 eV.

Compared with the undoped (BMgase, the hydrogenation reaction has a much
lowered activation barrier for the;.C fullerene, as shown in Figure 6.3. Different
from the H physisorption manner oniBN;,, the B molecule is initially adsorbed
perpendicularly to the C atom of the;B,,C cluster to form a physisorption state (IS),
which is attributed to the polarization effect frahe excess electron on the C atom.
As the B molecule further approaches the C site, the hyairag dissociated with a
H-H bond distance of 0.965 A, where a transitioatest(TS1) is formed with the
activation energy of about 0.468 eV. Then one Hnai® adsorbed on C, forming a
C-H bond of ~ 1.090 A; the other H atom detacheayaand falls in one intermediate
state (IMS1), with the energy of about 0.249 eVhkeigthan that of IS. The
dissociated H atom proceeds to diffuse along tHe Qath and eventually adsorbs

onto the N atom (FS), with a N-H bond of around16.8. The overall activation
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barrier for the hydrogenation reaction on thgNB,C fullerene is about 0.677 eV,
much lower than that of 1.194 eV for the undopeb)Bcase. The reaction energy
(energy difference between FS and IS) for theaHsorption process omBl;,C is

estimated to be -0.411 eV, indicating that a thetynamically favored hydrogenation

reaction can be achieved for thg®;,C fullerene.
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Figure 6.3 Calculated hydrogenation reaction diagfar the B;N,,C fullerene. The
schematic diagrams of initial (1S), transition (T8termediate (IMS), and final (FS)
states are illustrated by side views beside eaelggrbar (H, white; B, pink; C, grey;
N, blue.). The energy of the reactant (IS), whiolresponds to the 4Hphysisorption
state of BijN1,C, is set to be zero. The overall activation baroe the H adsorption
on B;;1N;1.C is estimated to be 0.677 eV, much lower than fitrathe undoped BN,
case. The energy of product (FS) with respect &atemt (IS) is around -0.411 eV,
indicating a thermodynamically favored hydrogematieaction for the BNi.C
nanocage.

Noticeably seen from Figure 6.3, the diffusion msxfor the H atom from IMS1
to IMS2 is almost barrierless. It indicates that Hhatom can freely move around the
BN fullerene before it chemisorbs stably on thestdy and the H diffusion process

gains fast kinetics, which is of great help in pi@d applications for hydrogen
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storage. The catalytic role of C in the hydrogesratieaction on BN1,C is same as
that of a metal cluster in the spillover phenomenamere H molecules are
dissociated by the supported metal cluster, andligsociated H atoms then further
diffuse onto the supporting substrate. However, daalytic cluster usually used in
the spillover consists of noble metals, which aeady and expensive. This will
certainly reduce the overall weight percentageyafrbigen adsorbed and increase the
production cost of the storage materials. In owecahe BiN1,C fullerene is a
self-catalyst in the hydrogenation reaction, whitiee C atom works as an activation
center to dissociateHnolecule and provide the free H atom. In this veagnetal free
hydrogenation reaction can be readily achievedhenB1N1,C cluster, thus both the
hydrogen storage capacity and the materials cestwdrstantially improved.

We have also examined the hydrogenation reactiath@i®N;,C fullerene. Just
like the B;1N12C case, the FHmolecule initially adsorbs perpendicularly to tueive
C atom to form a stable physisorption state, amuh tlissociates with a H-H bond
distance of 0.915 A, forming a transition statehwihe corresponding activation
barrier of about 0.252 eV. Finally, one H atom adlsan the C atom, while the other
H atom detaches away from thg.B;;C cluster. The reaction energy for the H
dissociation on BN;;C with respect to the physisorption state is edeohao be
-0.010 eV, indicating that a thermodynamically feashydrogenation reaction can be
achieved on the BN;;C fullerene.

Since C atom has one less valence electron thart &khibits the electron
acceptor property for BN11C around the C atom. More electrons can be tramsfer
from hydrogen to BN;;C and thus lower activation energy for hydrogersaiigation
can be achieved on theBl;;C fullerene, compared with the BI,,C case. On one
hand, the electron-deficient doping (one C replgacone N, B:N;;C) is more
kinetically favored than the electron-sufficientpilty (one C replacing one B,
B11N1,C) for the hydrogenation reaction on the (BNullerene. On the other hand,
B11N1,C is more thermodynamically favored thagp¥,,C for full hydrogenation and
dehydrogenation reactions on the BN cluster, ashamee discussed in the previous

section; however, we have also pointed out thateteetron-deficient doping would
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become more thermodynamically suitable than thetrele-sufficient doping for the
BN fullerenes that are larger than (BNas hydrogen storage materials. Thus, to
replace B or N by C depends on the size of the Bister.

From the above results, we can see that C-dopingefi@ctively lower the
activation barrier for the hydrogenation reactiontbe BN fullerene, thus facilitating
the hydrogen storage applications of the materialsddition, the electron-deficient
doping (B2N1;C) has a lower activation barrier for the hydrogésociation than the
electron-sufficient doping (BN12C), which has the same preference as that for the H

migration in the hydrogen spillover process, ahwaee discussed in the last chapter.

6.3.3 Curvature effect on the hydrogenation kinetis of C-doped BN fullerenes

As we have discussed in the last chapter, thetdilissociation of hydrogen on
C-doped BN sheet is difficult; however, it becorpessible for the Kldissociation on
C-doped (BN). fullerene without the help of metal catalyst acdbog to our
calculations. So it seems that the curvature ofllsBid nanocage facilitates the
sp>-hybridization of the C atom and thus helps in liyerogenation reaction on the
C-doped BN fullerene.

To further investigate the curvature effect on thglrogenation kinetics of
C-doped BN fullerenes, we have studied thg dissociation on two other BN
nanocages, (BNgand (BN}, with bigger size (smaller curvature) than thafgi¥)»

fullerene. (BN)gis the second smallest stable BN fullerétfet™

and is composed of
six squares and twelve hexagons under the symrokfry (Figure 6.4a). (BN) has
been successfully synthesiz€dand consists of twelve squares, eight hexagons and
six octagons under the symmetry @f(Figure 6.4b). To compare with the data we
have got for (BNj),, we doped one C atom into these two BN fullerersas]
calculated the activation energy for thedissociation on the pristine/C-doped (BN)

and (BN}, nanocages.
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(@) B1eN1s

Figure 6.4 (a) (BN} fullerene under the symmetry &§, composed of six squares
and twelve hexagons; (b) (BN)fullerene under the symmetry @, composed of
twelve squares, eight hexagons and six octagons.

Table 6.2 shows the calculated activation enermgggtion energy, and the H-H
bond distance in the transition state, for the bgdnation reaction on
pristine/C-doped (BN} and (BN}, fullerenes. The same hydrogenation manner as
that for pristine/C-doped (Bhphas been obtained for the corresponding ¢Bldind
(BN)24clusters. For the undoped (Bi)and (BN)4 the H molecule adsorbs above
the B site first, and then dissociates on the BeNdy while for the C-doped case, the
H, molecule adsorbs perpendicularly to the C atord, then dissociates into two H
atoms, one forming a C-H bond and the other datgchivay from the fullerene.
Combining the data in Table 6.2 and that for (BNyve can see that both activation
energy and reaction energy increase with the sfzéhe® BN fullerene, and the
electron-deficient doping (BN1:C, B1sN1sC, BxaN23C) is the most favorable method
to lower the hydrogenation barrier on the BN fudlee of each size. The curvature
effect on the hydrogenation kinetics of BN fulleeenis obvious, and the small BN

nanocage with large curvature is preferred for bgdn storage applications.
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Table 6.2 Calculated activation enerdig)( reaction energyl), and the H-H bond
distance dy.4) in the transition state, for the hydrogenationact®n on
pristine/C-doped (BN} and (BN),4 fullerenes. The side views of the transition State
(TS) for the hydrogen dissociation on these clgséee shown (H, white; B, pink; C,
grey; N, blue).

BNC TS Ea(eV) E (V) dun(R)

B1sN1s 1.276 -0.472 0.986
B1sN16C 0.497 0.307 0.985
B1eN1sC 0.306 0.080 0.942
B24N24 1.514 0.100 0.996
B2aN24C 0.608 0.494 1.063
B24N2sC 0.399 0.221 1.006
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6.4 Summary

In summary, by introducing C atoms into (BNjullerene, full hydrogenation
calculations show that the;Bl;,C compound can spontaneously store hydrogen at
room temperature and 10 bar and release hydrogé0@aiC and 1 bar, with the
hydrogen storage capacity of up to 7.43 wt%, inthgathat B;N;,C is a potential
candidate for hydrogen storage materials. Furtimegstigation on the hydrogenation
reactions of BN fullerenes shows that C-doped BMowcage can effectively
dissociate the B molecule with the C atom as an activation cengerd the
corresponding activation barrier for the Ehemisorption is substantially lowered,
compared with the undoped case. The hydrogenagiaction turns out to be a metal
free and self-catalyzed process on C-doped BNreirike, indicating that C doping is
an effective approach in modifying the hydrogemage property of the BN fullerene.
There is also a curvature effect on the hydrogendkinetics of BN fullerenes, that
small BN nanocage with large curvature would beefieial for practical applications
as hydrogen storage material. We hope that ourarelsewvork will stimulate the

experimental effort in this direction.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In chapter 3-6, | have studied the hydrogen spalfogffect on graphene and
boron nitride sheet, as well as the hydrogen seorppperty of boron nitride
fullerenes with a focus on the doping effect ane kinetic issues. Through DFT
calculations, we can see that doping method is \dfgctive in improving the
hydrogenation ability and the metal binding stréngt graphene and BN sheet. A
stable catalytic center is then created with mesdhlyst supported on the substrate,
where H molecules efficiently dissociate into H atoms ba tnetal cluster and the H
subsequently migrates onto the supporting shedt witmuch lowered activation
barrier, compared with the undoped case. On ond,hanhave a steady catalytic
performance on the substrate, the metal clusten tpeaturation is required to keep
contact with the underlying sheet, thus the eleetteficient doping (& Gy, and
BN-Cy), which can have stronger metal binding strengtd ahemisorb more H
atoms than the electron-sufficient doping,(&d BN-G), is the preferred method to
modify surface properties of graphene or BN sh®@atthe other hand, since the local
doping effect is too strong to have the H atomudéf away on the substrate, a
supporting substrate with dopants uniformly disitdal is beneficial to the H
diffusion process on it, thus facilitating the hgden storage applications under
ambient conditions. As we have proposed, the umifBC; sheet is a good candidate
of hydrogen storage material via hydrogen spilloBath H migration and diffusion
processes on the BGheet are investigated to have low activationi&a within 0.7
eV. However, no proper materials with uniform dmaitions of N dopants on the
graphene were ever reported. It is also not favasdthve C uniformly distributed on
the BN sheet, since carbon and boron nitride pigiase separation.

According to our calculations, both hydrogen spi#lo and direct hydrogen

dissociation on C-doped BN sheet are not applicablder ambient conditions. We
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then proceed to study the C-doping effect on thadrdyen storage properties of boron
nitride fullerenes. By introducing C atoms into (BNfullerene, full hydrogenation
calculations show that C-doping has great tunghdlitthe thermodynamic properties
of BN nanocages, and the;Rl;2C compound is predicted to be able to reversibly
adsorb up to 7.43 wt% hydrogen under ambient cimmdif being a potential
candidate of hydrogen storage materials. In additihe H molecule can be
effectively dissociated via the doped C atom asaativation center on the BN
fullerene, with the substantially lowered activatibarrier for the Kl chemisorption
process, compared with the undoped case. It tuuistm be a metal free and
self-catalyzed process for the hydrogenation reactn C-doped BN fullerene.
Compared with the BN sheet, the curvatures do hawme influence on the
hydrogenation kinetics of BN fullerenes, i.e. sni&&N nanocage with large curvature
has the advantage for practical applications asdgg@h storage material.

Our calculations conclude that graphene-based ralteare more suitable for
hydrogen storage applications by hydrogen spilloagher than materials based on
the BN sheet, and the small BN fullerene with lacgevature also has its advantage
over the BN sheet as potential hydrogen storagemalst. Doping is an effective
approach in modifying hydrogen storage propertiesnaterials and the improved
hydrogenation kinetics can thus be expected. Wpgs® that the B{sheet with
proper metal catalyst and theiR,C fullerene should be potential candidates of
hydrogen storage materials and hope our researctk woll stimulate the

experimental effort in this direction.

7.2 Future work

Through the calculation results of the hydrogeti®m@r on B/N-doped graphene
in this thesis, we can see that there are stiitaot options that may improve the
hydrogen spillover process and these would be uhed research directions in this
field.

First, as we have suggested in chapter 4, the pmgoof graphitic-N and

pyridinic-N on the graphene sheet, where grapihtianay distribute among
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pyridinic-N with some pattern, could facilitate tidrogen spillover on N-doped
graphene. The single pyridinic-N can firmly bindetimetal cluster, which then
dissociates K molecules into H atoms, followed by H migratiororfr metal to
substrate; while the graphitic-N is expected todowhe activation barrier for the
diffusion of the migrated H atom on the grapheneeshin this way, two types of
doped N are used for different purposes, and thie td these two types on the
graphene needs to be determined for an optimatteffethe hydrogen storage by
spillover.

Second, the metal catalyst we used in the theatettady is Picluster, and the
average binding strengthHcnen] of H atoms on the saturated Béems to be too high.
If the AEchen] can be lowered by using other metal catalysty tthe H migration
barrier would be lowered accordingly. From thisnipoNi, Pd and Ru are all possible
alternatives to Pt, and whether they can providedgoatalytic performance for
hydrogen spillover needs to be investigated.

Another thing needs to be mentioned is that therapmrous carbon materials
investigated for hydrogen spillover in the expernitseare not flat sheet materials. So
the curvatures of these materials may have soreetefon the kinetic issues in the H
spillover process, like what we have seen for tNefldlerenes in chapter 6. To model
the more realistic system like the microporous earbmolecular dynamics (MD)
method should be used in order to treat the reaticomplex system, and the
hydrogen dissociation, migration and diffusion meses can be viewed in MD
simulations. The kinetics of the hydrogen spilloueder ambient conditions can also
be investigated with MD, which serves as a helfal in the future research work on

the hydrogen storage by spillover.

77



References

[1]
[2]

[3]
[4]

[5]
[6]
[7]

[8]

[9]

[10]
[11]

[12]
[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

[22]

[23]
[24]

[25]
[26]

[27]

L. Schlapbach and A. Zuttel, Natu4¢é4, 353 (2001).

S. Satyapal, J. Petrovic, C. Read, G. Thomad,@ Ordaz, Catal. Today20,
246 (2007).

G. W. Crabtree and M. S. Dresselhaus, MRS B3].421 (2008).

Y. Ye, C. C. Ahn, C. Witham, B. Fultz, J. LiA, G. Rinzler, D. Colbert, K. A.
Smith, and R. E. Smalley, Appl. Phys. L&, 2307 (1999).

W. Q. Deng, X. Xu, and W. A. Goddard, Phys. Riestt. 92, 166103 (2004).

Z. X.Yang, Y. D. Xia, and R. Mokaya, J. Am. &h. Soc129 1673 (2007).

J. Y. Lee, C. D. Wood, D. Bradshaw, M. J. Rassky, and A. I. Cooper, Chem.
Commun., 2670 (2006).

P. M. Budd, A. Butler, J. Selbie, K. Mahmood, B. McKeown, B. Ghanem,
K. Msayib, D. Book, and A. Walton, Phys. Chem. Chdptmys.9, 1802
(2007).

A. Li, R. F. Lu, Y. Wang, X. Wang, K. L. Hannd W. Q. Deng, Angew.
Chem.-Int. Edit49, 3330 (2010).

J. L. C. Rowsell and O. M. Yaghi, Angew. Chdmt. Edit.44, 4670 (2005).

S. S. Han, W. Q. Deng, and W. A. Goddard, Amgéhem.-Int. Edit46, 6289
(2007).

S. H. Yang, X. Lin, A. J. Blake, G. S. Walkéx,Hubberstey, N. R. Champness,
and M. Schroder, Nat. Cherh.487 (2009).

B. Schmitz, U. Muller, N. Trukhan, M. Schuhe@. Ferey, and M. Hirscher,
ChemPhysCherf, 2181 (2008).

A. D. Lueking and R. T. Yang, Appl. Catal 285 259 (2004).

A. Lueking and R. T. Yang, J. CataD6, 165 (2002).

A. J. Lachawiec, G. S. Qi, and R. T. Yang, @jamuir 21, 11418 (2005).

Y. W. Liand R. T. Yang, J. Am. Chem. S48 726 (2006).

Y. W. Li and R. T. Yang, J. Am. Chem. S428 8136 (2006).

Y. W. Li and R. T. Yang, AIChE 54, 269 (2008).

B. Bogdanovic and M. Schwickardi, J. Alloy Cpth253 1 (1997).

C. M. Jensen, R. Zidan, N. Mariels, A. Heed &\ Hagen, Int. J. Hydrogen
Energy24, 461 (1999).

P. Chen, Z. T. Xiong, J. Z. Luo, J. Y. Lin,daiK. L. Tan, Nature420 302
(2002).

J. J. Vajo, S. L. Skeith, and F. Mertens,Ryd? Chem. BLO9, 3719 (2005).

V. Ozolins, E. H. Majzoub, and C. Wolverton,Am. Chem. Socl131, 230
(2009).

E. Ronnebro and E. H. Majzoub, J. Phys. Chigrill, 12045 (2007).

M. Chong, A. Karkamkar, T. Autrey, S. Orimo, Jlisatgi, and C. M. Jensen,
Chem. Commum7, 1330 (2011).

S. Hodoshima, H. Arai, S. Takaiwa, and Y. 8aiht. J. Hydrogen Energ3g,
1255 (2003).

78



[28] A. Moores, M. Poyatos, Y. Luo, and R. H. Cralkt New J. Chen80, 1675
(2006).

[29] R. F. Lu, G. Boethius, S. H. Wen, Y. Su, and @ Deng, Chem. Commun.,
1751 (2009).

[30] P.G. Campbell, L. N. Zakharov, D. J. Grant,AD Dixon, and S. Y. Liu, J. Am.
Chem. Soc132 3289 (2010).

[31] P.Wang and X. D. Kang, Dalton Trans., 54000&).

[32] C.W. Hamilton, R. T. Baker, A. Staubitz, andManners, Chem. Soc. Re&8,
279 (2009).

[33] M. E. Bluhm, M. G. Bradley, R. Butterick, U.usari, and L. G. Sneddon, J.
Am. Chem. Socl28 7748 (2006).

[34] F. H. Stephens, R. T. Baker, M. H. Matus, D.Grant, and D. A. Dixon,
Angew. Chem.-Int. Edi#46, 746 (2007).

[35] A. D. Sutton, A. K. Burrell, D. A. Dixon, E. BGarner, J. C. Gordon, T.
Nakagawa, K. C. Ott, J. P. Robinson, and M. Vasitheience331, 1426
(2011).

[36] M. Rzepka, P. Lamp, and M. A. de la Casa-L.illoPhys. Chem. B02 10894
(1998).

[37] G. Garberoglio, A. I. Skoulidas, and J. K. dsbn, J. Phys. Chem. B09
13094 (2005).

[38] G. K. Dimitrakakis, E. Tylianakis, and G. Erdadakis, Nano Lett8, 3166
(2008).

[39] S. S. Han, J. L. Mendoza-Cortes, and W. A. éawd, Chem. Soc. Re@8,
1460 (2009).

[40] H. Gunaydin, K. N. Houk, and V. Ozolins, Prddatl. Acad. Sci. USALO5
3673 (2008).

[41] X. W. Sha, M. T. Knippenberg, A. C. Cooper,.Pez, and H. S. Cheng, J.
Phys. Chem. @12 17465 (2008).

[42] F. Salles, H. Jobic, G. Maurin, M. M. Koza,lP.Llewellyn, T. Devic, C. Serre,
and G. Ferey, Phys. Rev. Let00, 245901 (2008).

[43] Q. Sun, Q. Wang, and P. Jena, Nano 5tt273 (2005).

[44] O. V. Pupysheva, A. A. Farajian, and B. |. ¥akon, Nano Let8, 767 (2008).

[45] P. Hohenberg and W. Kohn, Phys. RE’6, B864 (1964).

[46] W. Kohn and L. J. Sham, Phys. R&40 A1133 (1965).

[47] R.C. Lochan and M. Head-Gordon, Phys. Chehert. Phys8, 1357 (2006).

[48] F. Negri and N. Saendig, Theor. Chem. A8, 149 (2007).

[49] B. Magyari-Kope, V. Ozolins, and C. WolvertoRhys. Rev. B73, 220101
(2006).

[50] C. Wolverton and V. Ozolins, Phys. Rev/B 064101 (2007).

[51] J. W. Ochterski, Thermochemistry in Gaussi@aussian, Inc., April 2000,
http://www.gaussian.com/g_whitepap/thermo.htm.

[52] S. V. Alapati, J. K. Johnson, and D. S. Sh&lhys. Chem. Chem. Phyg.
1438 (2007).

[53] M. Yoon, S.Y. Yang, E. Wang, and Z. Y. Zhahgno Lett.7, 2578 (2007).

79



[54]

[55]
[56]
[57]
[58]

[59]

[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]

[68]
[69]
[70]

[71]
[72]

[73]

[74]
[75]

[76]

J. Zhou, Q. Wang, Q. Sun, P. Jena, and X.H&nCProc. Natl. Acad. Sci. USA
107, 2801 (2010).

L. Spruch, Rev. Mod. Phy&3, 151 (1991).

J. C. Slater, Phys. Re34, 1293 (1929).

J. C. Slater, Phys. Re®4, 385 (1951).

B. T. Sutcliffe, "Breakdown of the Born-Oppesitmer Approximation,” in
Handbook of Molecular Physics and Quantum Chemistry, edited by S. Wilson
(John Wiley & Sons, Chichester, 2003), Vol. 1, §95

J. C. SlaterQuantum Theory of Molecules and Solids, Vol. IV, McGraw-Hill,
New York, 1982.

D. Ceperley, Phys. Rev. B3, 3126 (1978).

U. v. Barth and L. Hedin, J. Phys.5C1629 (1972).

O. Gunnarsson and B. I. Lundqvist, Phys. BeY3, 4274 (1976).

S. H. Vosko, L. Wilk, and M. Nusair, Can. hyB.58, 1200 (1980).

J. P. Perdew and A. Zunger, Phys. Re23B5048 (1981).

A. D. Becke, Phys. Rev. 28, 3098 (1988).

C. Lee, W. Yang, and R. G. Parr, Phys. Re87B785 (1988).

J. P. Perdew, J. A. Chevary, S. H. Vosko, KJAackson, M. R. Pederson, D. J.
Singh, and C. Fiolhais, Phys. Rev4B 6671 (1992).

J. P. Perdew, K. Burke, and M. Ernzerhof, PiR@v. Lett.77, 3865 (1996).

A. D. Becke, J. Chem. Phy&3, 1372 (1993).

P. J. Stephens, F. J. Devlin, C. F. Chabalavesid M. J. Frisch, J. Phys. Chem.
98, 11623 (1994).

A. D. Becke, J. Chem. Phy&3, 5648 (1993).

S. J. Clark, M. D. Segall, C. J. Pickard, PHasnip, M. I. J. Probert, K.
Refson, and M. C. Payne, Z. Kristallog20, 567 (2005).

B. Delley, J. Chem. Phy82, 508 (1990).

B. Delley, J. Chem. Phy&13 7756 (2000).

Gaussian 03, M. J. Frisch, G. W. Trucks, H3Bhlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, J. A. Montgomery, Jr., @véfi, K. N. Kudin, J. C.
Burant, J. M. Millam, S. S. lyengar, J. Tomasi,Barone, B. Mennucci, M.
Cossi, G. Scalmani, N. Rega, G. A. Petersson, Hatdaji, M. Hada, M.
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishid&lakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, . Hratchian, J. B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. GompertsERStratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochtersil Y. Ayala, K.
Morokuma, G. A. Voth, P. Salvador, J. J. Dannenb¥rdG. Zakrzewski, S.
Dapprich, A. D. Daniels, M. C. Strain, O. Farkas,KD Malick, A. D. Rabuck,
K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q, 8uG. Baboul, S. Clifford,
J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenl Piskorz, I. Komaromi,
R. L. Martin, D. J. Fox, T. Keith, M. A. Al-LahamC. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Jatnm W. Chen, M. W.
Wong, C. Gonzalez, and J. A. Pople, Gaussian, \Walljngford CT, 2004.

G. Kresse and J. Hafner, Phys. Red7B558 (1993).

80



[77]
[78]
[79]
[80]

[81]
[82]

[83]
[84]

[85]
[86]
[87]
[88]

[89]
[90]

[91]
[92]

[93]
[94]

[95]
[96]
[97]
[98]

[99]
[100]

[101]
[102]

[103]

G. Kresse and J. Furthmuller, Comp. Mater. §cl5 (1996).

L. F. Wang and R. T. Yang, Energy Environ..3¢i268 (2008).

L. Chen, A. C. Cooper, G. P. Pez, and H. Chdn@hys. Chem. €11, 18995
(2007).

G. M. Psofogiannakis and G. E. Froudakis, Qys? Chem. C113 14908
(2009).

A. K. Singh, M. A. Ribas, and B. I. Yakobsadts Nano3, 1657 (2009).

Y. Ferro, F. Marinelli, A. Jelea, and A. Allobe, J. Chem. Phy420, 11882
(2004).

Z. H. Zhu, G. Q. Lu, and H. Hatori, J. Phy$ietn. B110, 1249 (2006).

T. C. M. Chung, Y. Jeong, Q. Chen, A. Kleinlraes, and Y. Wu, J. Am. Chem.
So0c.130, 6668 (2008).

Y. Jeong and T. C. M. Chung, Carb#8) 2526 (2010).

L. F. Wang, F. H. Yang, and R. T. Yang, AICBE5, 1823 (2009).

H. J. Monkhorst and J. D. Pack, Phys. Re®3B5188 (1976).

N. Govind, M. Petersen, G. Fitzgerald, D. Ki&gith, and J. Andzelm, Comp.
Mater. Sci.28, 250 (2003).

F. L. Hirshfeld, Theo. Chim. Acté4, 129 (1977).

C. G. Zhou, J. P. Wu, A. H. Nie, R. C. Forry,Tachibana, and H. S. Cheng, J.
Phys. Chem. @11, 12773 (2007).

A. Schenk, B. Winter, C. Lutterloh, J. Bienkk, A. Schubert, and J. Kuppers,
J. Nucl. Mater222 767 (1995).

J. Kouvetakis, R. B. Kaner, M. L. Sattler, addBartlett, J. Chem. Soc. Chem.
Commun., 1758 (1986).

C. J. Zhang and A. Alavi, J. Chem. Phi27, 214704 (2007).

X. W. Sha, A. C. Cooper, W. H. Bailey, and$l.Cheng, J. Phys. Chem1@4,
3260 (2010).

Z. X. Yang, Y. D. Xia, X. Z. Sun, and R. MokayJ. Phys. Chem. B10,
18424 (2006).

Y. D. Xia, G. S. Walker, D. M. Grant, and Rokhya, J. Am. Chem. Sot31],
16493 (2009).

Y. Y. Shao, J. H. Sui, G. P. Yin, and Y. Z.&®&ppl. Catal. B-Environ79, 89
(2008).

Y. K. Zhou, R. Pasquarelli, T. Holme, J. BerD; Ginley, and R. O'Hayre, J.
Mater. Chem19, 7830 (2009).

L. F. Wang and R. T. Yang, J. Phys. Cheni1@ 21883 (2009).

P. X. Hou, H. Orikasa, T. Yamazaki, K. MatkapA. Tomita, N. Setoyama, Y.
Fukushima, and T. Kyotani, Chem. Matgr, 5187 (2005).

L. S. Zhang, X. Q. Liang, W. G. Song, andy*ZWu, Phys. Chem. Chem. Phys.
12, 12055 (2010).

Z. H. Zhu, H. Hatori, S. B. Wang, and G. @, lJ. Phys. Chem. B09, 16744
(2005).

W. Q. Han, L. J. Wu, Y. M. Zhu, K. Watanalaad T. Taniguchi, Appl. Phys.
Lett. 93, 223103 (2008).

81



[104]
[105]

[106]

[107]
[108]
[109]
[110]
[111]
[112]

[113]
[114]

[115]
[116]
[117]
[118]

[119]
[120]

S. A. Shevlin and Z. X. Guo, Phys. Rewr® 024104 (2007).

W. Paszkowicz, J. B. Pelka, M. Knapp, T. Skgs and S. Podsiadlo, Appl.
Phys. A-Mater. Sci. Proces&b, 431 (2002).

O. Stephan, Y. Bando, A. Loiseau, F. Willajlhe Shramchenko, T. Tamiya,
and T. Sato, Appl. Phys. A-Mater. Sci. Procé3§s.107 (1998).

T. Oku, A. Nishiwaki, and I. Narita, Sci. Tewl. Adv. Mater5, 635 (2004).

T. Oku, I. Narita, and A. Nishiwaki, Mater.aviuf. Procesdl9, 1215 (2004).

T. Oku, M. Kuno, and I. Narita, J. Phys. Ché&nolids65, 549 (2004).

N. Koi and T. Oku, Solid State Commurdl, 121 (2004).

F. Jensen and H. Toftlund, Chem. Phys. 12611, 89 (1993).

G. Seifert, P. W. Fowler, D. Mitchell, D. Ra@ag, and T. Frauenheim, Chem.
Phys. Lett268 352 (1997).

W. H. Moon, M. S. Son, and H. J. Hwang, Agplirf. Sci.253 7078 (2007).

X. F. Fan, Z. X. Zhu, Z. X. Shen, and J. lud J. Phys. Chem. 12 15691
(2008).

R. D. Johnson lll, NIST Computational ChemjistComparison and
Benchmark Database, NIST Standard Reference Datablasnber 101,
Release 14, Sept 2006, http://srdata.nist.gov/dxcbd

S. H. Jhi and Y. K. Kwon, Phys. Rev6B, 245407 (2004).

R. J. Baierle, P. Piquini, T. M. Schmidt, aAdFazzio, J. Phys. Chem. B0,
21184 (2006).

C. Gonzalez and H. B. Schlegel, J. Chem. P3(y2154 (1989).

C. Gonzalez and H. B. Schlegel, J. Phys. Ci8inb523 (1990).

T. Oku, A. Nishiwaki, I. Narita, and M. Gond&hem. Phys. Let380, 620
(2003).

82



