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Abstract

Graphene and graphene oxide (GO) based metal oxides could play an important role
in photocatalysis using metal oxide catalysts. ZnO is a metal oxide with a 3.37 eV band
gap and is a commercially cheaper photocatalyst than titanium oxide in the production
of hydrogen (Hg)by splitting water. The 7 conjugation structure of GO shows greater
electron mobility and could enhance the photocatalytic performance of the ZnO catalyst
by increasing the electron-hole separation. In this work, we use density functional theory
at the BSLYP/DGDZVP2 level to study the impact of adsorbing (ZnO)s on graphene
and GO on the hydration and hydrolysis of water that precedes water splitting to
produce Ho and Og in the gas phase. We used 5 different GO models anchoring carboxyl,
hydroxyl, and epoxy functional groups on separate layers of graphene. This study also
compares the reaction pathway of Hy and Oy production from the hydrolyzed (ZnO)s

and GO1-(Zn0O)3 in the gas phase using the same level of theory.
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Introduction

Ever since Fujishima and Honda first discovered in 1972, the electrochemical photolysis of
water in the presence of TiO4 catalyst to produce Hy gas has become an active research area
to understand the mechanism of photolysis, and to find cheaper substitutes TiO, as solutions
to current energy problems.” Numerous studies show that other nano-scaled metal oxides
can also play an important role as photocatalysts in water-splitting reactions 1| to produce
H,, overcoming the cost and challenges of TiO5.* However, scaling up H, gas production
using metal oxides or metal oxide co-catalysts derived from noble metals like Pt, Ru and Rh
is a problem due to the high temperatures required for synthesis and related costs. There
is also the problem of finding suitable substrates for the photo-catalysts to operate at room

temperature.”

2H,0(g) — 2Ha(g) + O2(g) (1)

The enthalpy change for water splitting reaction is 116.5 kcal /mol at 298.15 K in the gas
phase showing that the reaction is strongly endothermic, and requires ~ two photons of 500
nm wavelength to overcome the enthalpy difference® of reaction |1l However, on examining
the mechanism of reaction |1 using TiO, and different metal oxide catalysts, water splitting
is preceded by hydration of the catalyst and hydrolysis of water in exothermic reactions that
further lower the enthalpies of reactants thereby increasing the enthalpy for water splitting
even more than what is needed for the direct dissociation of two molecules of water to form
two molecules of hydrogen and one of oxygen according to the equation [1]in which hydration
and hydrolysis are intermediate steps. It is important to study the precursors to water
splitting as already done by Fang et al for (TiOs),—1 0 4 and other metal oxides to get a
clearer picture of the steps preceding water splitting in the gas phase, using metal oxide
catalysts. We have previously studied the (ZnO),_3 nanocatalyst as a substitute for TiO, as

a catalyst and this paper provides examples of attempts to enhance the catalytic property



of ZnO trimer by deposition on graphene and various synthetic graphene oxides. Graphene
shows excellent electron mobility due to its 7 conjugated structure,” which should make it an
appropriate substrate material that can accept electrons for exciton separation. However, the
hydrophobic property of graphene makes it unsuitable for water-splitting reactions. On the
other-hand "suitably functionalized" graphene oxide(GO)s are hydrophilic and have tunable
properties and multiple functions that can make them useful substrates for photocatalysts to
split water. By "functionalized" we mean different chemical groups attached to graphene to
form different GOs.® ' Certain metal oxide-decorated carbon materials including GO have
also attracted researchers as they exhibit better stability, durability, and electrocatalytic and

photocatalytic properties. 1424

Since TiOs is the most widely studied photocatalyst, systems combining GO and TiO,
systems have become an important field of study that probes changes in photocatalytic
efficiencies of different combinations of GO-TiOs. The 7 electrons on suitable GOs can bond
with Ti atoms in TiO, to fine-tune their window of light absorption. The GO-TiO; systems
can also form a heterojunction between p-type GO and n-type TiO,, which operates as a

separator of photogenerated electron-hole pairs.#>%7

ZnO0 is also a semiconductor with a wide band gap (about 3.37 €V at room temperature)<

and a wide range of potential applications due to its attractive properties like optical,2%30
photoelectric®! and gas sensing.“? Photocatalytic reduction of carbon dioxide in the presence
of ZnO semiconductor powder suspended in a water catalyst has been studied experimen-
tally and it has been reported to be a more efficient photocatalyst than SrTiOs, TiO, and
WO3%39 in the Fischer-Tropsch synthesis of methanol and methane from CO, and HyO. ZnO
nanoclusters are also known to be highly active photocatalysts and are commercially cheaper
than TiO,.%" Similar to TiO,, ZnO can also form a p-n heterojunction with a suitable GO

for visible light absorption, that could be a better photocatalyst for water splitting®”“““than

some others that are currently in use. Previous computational studies of ZnO(1010) and



(1020) sheets in water using QM/MD or neural networks reveal spontaneous partial dissoci-
ation of water on the surfaces with proton transfer between adsorbed or bulk water to surface
oxygen atom of the ZnO layer.*™#> Motivated by these reports in the literature,® and our own
study of bare (ZnO); nanoclusters,*® our ultimate goal is to investigate the mechanism of
H, and O, production via the water splitting reaction (1 using the same (ZnO)s nanoclusters
but now deposited on graphene or suitably functionalized graphene oxides (GOs) anchored
on graphene that could be better and cheaper than the TiO, catalyst. An essential step,
prior to water splitting in the gas phase, is the adsorption of a water molecule on the zinc
atom of the photocatalyst followed by hydrolysis that involves simultaneous dissociation of
the adsorbed water and proton transfer to a neighboring oxygen atom on the ZnO ring. This
hydrolytic process is repeated with a second water molecule that has been studied recently.
There are no additional water molecules to solvate each (ZnO); nanocluster, as would occur if
the lattices were exposed to several water layers or were immersed in an aqueous electrolyte.
Following these two steps, the production of Hy and O, occurs through water splitting even
in the absence of light.%49 Tt is the mechanisms of these reactions on graphene and on func-
tionalized GOs that are studied in this paper, which are of importance in themselves, and
also as a prelude to understanding what occurs when the system is solvated further with
more water molecules beyond the bare stoichiometric minimum required [I} which is two
for each ZnO trimer and also in the absence of light. This would require modifications to
include time to correspond to different light frequencies. To implement the restricted case in
the absence of light, we need to be specific about the computational method and the form
of the catalyst. We use density functional theory (DFT) with the same basis set and ex-
change functional that was used in our earlier study of the catalytic activity of bare (ZnO)s
nanoclusters.”? As before, the triplet state was approximated as the excited singlet state of
spin one S;. We find that the energies of triplet states S; are lower than the energies of

ground states of spin zero Sy unlike the energy of the bare (ZnO); nanoclusters.?® We also

calculate the energies of absorption and hydrolysis of HyO on the ZnO trimers in the singlet



and excited triplet states to understand the thermodynamics of adsorption and hydrolysis in
each state and construct the corresponding potential energy surfaces (PES) to gain insight
into the mechanism of the two processes, and the energy gaps between the singlet and triplet
states at different stages of adsorption and hydrolysis. Following this we discuss the reaction
pathways for the formation of hydrogen and oxygen on two of the zinc oxide nanocatalysts
(Zn0O)3 deposited on graphene oxides, GO1, and compare them with what occurs with the
bare catalyst that we studied earlier. To the best of our knowledge, this study of different

combinations of (ZnO nanocluster-GO) systems has not been reported in the literature.

Computational Method and System Setup

We first studied how (ZnO)s is absorbed on the graphene sheet in both the parallel and
vertical directions followed by adsorption on the GO models. Since determining the exact
structure of synthetic GOs is difficult, we modeled the GO surfaces by adding functionality
to the optimized graphene sheet using carboxyl, hydroxyl, and epoxy groups similar to the
study by Huang and Gubbins.*? The graphene sheet was computed following the periodic
boundary conditions (PBC) explained in the Gaussian tutorial using a benzene ring.*® A
numbered graphene layer of 30 C atom layer is shown in Figurdl] We introduced the required
functional groups to C atoms 21, 10, 8, and 11 to produce different GO models. We then
studied the adsorption of (ZnO); on the graphene sheet and on the functional groups of the
GO model systems already attached to the graphene sheets. The optimized (ZnO)s is shown
in the figurd2]



Figure 1: Optimized graphene layer using BSLYP/DGDZVP2 (a) the top view and (b) the
side view. C atoms are represented in grey color.

(a) (b)

Figure 2: Optimized singlet state ZnO trimer using B3LYP/DGDZVP2. (a) the top view
and (b) the side view. Zn and O atoms are represented using light blue and red colors.



All the above structures were optimized using the Becke-Lee-Yang-Parr (B3LYP) exchange-
correlation functional and DGDZVP2 Dunning basis set using DFT. The calculation method
and specific ZnO cluster system were chosen based on our previous benchmark and basis
set studies of small ZnO nanoclusters. We recall that the exchange functional/basis set
combination was chosen by us*® as the best of 30 such combinations of exchange functionals
and basis sets and the optimal size of the (ZnO), was chosen as n=3 for the best match energy
singlet-triplet energy gap with n= 6 as an alternative. We used only n=3 nanocluster and
calculated the binding energy of (ZnO); on graphene and on the functional groups of each
GO model using the same level of theory considering the complexity and the computational
time for n=6 clusters. We also calculated and compared the geometric properties, and the
free energy and enthalpy changes that accompanied (Zn0O); adsorption. To each optimized
graphene-(Zn0)3 and GO-(Zn0); models, we introduced one water molecule to study not
only the corresponding binding energy but other properties such as Mulliken charges and
changes in the bond length of atoms in (ZnO);. The hydration and hydrolysis reaction on
the selected systems was continued using the second water molecule. We used the hydrolyzed

products of the GO1-(ZnO);3 to study the reaction pathway of Hy and O production.

The same calculation steps were studied on both the singlet (ground state) and excited states
(modeled as the triplet state considering the calculation complexity of the excited state using
DFT). This provides information on the reorganization and redistribution of charge on the

absorbed water molecules before splitting occurs.

All geometry optimization and structural and electronic property calculations were carried
out using Gaussian 16 software package?® and GaussView 6 graphical interface®™” imple-

mented on the University of Maine High-Performance Computer (HPC) resources.



Optimized graphene and graphene oxide models

In this section, we present the results of our studies of graphene and 5 different GO models
chosen as substrates for the ZnO photocatalyst. The top and side views of the optimized
singlet state graphene structures are shown in Figure [l The 5 GO models are obtained by
attaching carboxyl, hydroxyl, and epoxy functional groups to the graphene layer, as shown
in Table [l The optimized ground state GO models are shown in Figure [3] and the triplet
state structures are displayed in the SI document. When a functional group is attached
to a carbon atom (chosen as C21) in the graphene sheet in GO models 1-3, the electrons
on the neighboring carbon atoms are unpaired to form a double-bond, the (7 conjugated
system) breaks and the unpaired carbon atoms become saturated with hydrogen atoms. The
optimized energies and geometric properties of the GO models in both the singlet and triplet
states are tabulated in the SI document.

Table 1: Selected GO models with -COOH, -OH and epoxy functional groups. The C atoms
in the GO5 model are the atoms C21 and C8 on which the epoxy group is formed.

C atom attached to GO model

the functional group GO1 GO2 GO3 GO4 GO5
C21 -COOH -COOH -OH -COOH O
C10

C8 H O
C11 H H -OH

In GO1, GO2, and GO4 the functional group -COOH is attached to the C21 atom of graphene
with an additional H atom attached to C8 for GO1, and to C11 for GO2. GO4 s similar to
GO2 except that an -OH group replaces H at C11 and GO3 is similar to GO2 except that
an OH group replaces the -COOH group at C21. In the GO5 model, the functional epoxy O
atom straddles C21 and C8 atoms of graphene. All the GO models are twisted and inclined
away from the planar graphene structure at the point of attachment to the functional in

both ground and triplet states.



(a) GO1 (b) GO2 (c) GO3

(d) Goa {e) GO5

Figure 3: Optimized GO models, (a)GO1, (b)GO2, (¢)GO3, (d)GO4 and (¢)GO5 using
B3LYP/DGDZVP2 level of theory. Grey, red, and light grey color scheme represent the C,
O, and H atoms respectively. The top views of all the GO models are in the SI document.

(ZnO); adsorption on graphene and graphene oxides GO1-GO5

We next attached the optimized (ZnQO)s to graphene and to each GO model before reopti-
mizing the composite system. The (ZnO); cluster is bonded via the Zn2 atom (Figure 2)[2]to
graphene in 3 ways in parallel and vertical configurations, and also at the adjacent O atom
in the GO models with - COOH functional groups in the cluster. The optimized structures
in the singlet state are shown in figure [} and the triplet state structures are shown in the

SI document.



(a) Graphene (P) + (ZnO)3 - top (b) (Graphene (P) + (Zn0O)3 - side
?
(c) Graphene (V1) + (ZnO)s - top (d) Graphene (V1) + (ZnO)3 - side

S

(e) Graphene (V2) + (ZnO)s - top (f) Graphene (V2) + (ZnO)3 - side

Figure 4: Optimized structures of ZnO trimer adsorbed on graphene(a) Top view of
(ZnO)3 absorbed parallel to the Graphene, (b) Side view of (ZnO); absorbed parallel to
the Graphene, (c) Top view of (ZnO); absorbed vertically through a Zn atom to the C atom
on Graphene, (d) Side view of (ZnO)sz absorbed vertically through a Zn atom to a C atom on
Graphene, (e) Top view of (ZnO); absorbed vertically through an O atom to two C atoms on
Graphene and (f) Side view of (ZnO)3 absorbed vertically through O atom to the Graphene
using B3LYP/DGDZVP2 level of theory.
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(a) GO1-{ZnO), (b) GO2-{Zn0), (<) GO3-(znO),

(d) GO4-(znO), (e) GO5-(Zn0),

Figure 5: Optimized structures of (ZnO); absorbed on (a) GO1, (b) GO2, (c¢) GO3, (d)
GO4, and (e) GOb respectively using BSLYP/DGDZVP2 level of theory.

(ZnO)3 adsorption energies on graphene and GO models are of interest with respect to their
stability as catalytic sites, and were calculated using eq [2] and eq |3]in kcal /mol respectively
with the results displayed in the table [2] along with the free energy and enthalpy change of

adsorption at 300K.

EAdl - ETot - (EZnO3 + EGraphene) (2)

Esi2 = Erot — (Eznos + Eco) (3)

In equation 2| Eo is the energy of the system after adsorbing (ZnO); on graphene, and
in equation 3, it is the energy of the system after adsorbing (ZnO)s on a GO model. The
energy and free energy of adsorption at 300K are more negative in the triplet than in the
single states, and more negative for the GO models than for graphene, which is reflected in

the more negative total energies of the triple states than the singlet states. Adsorption is

11



Table 2: (ZnO)s cluster adsorption energies on each graphene and GO model and, AG and
AH values for the adsorption

System Eaq in kcal/mol AG in kcal/mol AH in kcal/mol
B3LYP/DGDZVP2 Singlet Triplet Singlet Triplet Singlet Triplet
(ZnO)3 -Graphene - vertical 1 -6.40 -89.09  -12.39  -93.83  -6.02 -86.74
(ZnO)3 -Graphene - vertical 2 -142.68 - -138.94 - -139.10 -
(ZnO)3 -Graphene - parallel ~ -3.04 -257.70  -8.25 -251.90 -3.29 -251.21
(Zn0);- GO1 -50.46 -108.35  -53.92 -111.87  -49.68 -107.26
(Zn0O)3- GO2 -49.86 -108.01  -33.75 -111.85  -49.21 -106.74
(ZHO)g- GO3 - - - - - -
(Zn0)3- GO4 -51.78 -108.28  -55.33 -111.56  -51.10 -107.06
(Zn0O)3- GO5 -12.83 -100.55 -17.12 -101.89  -11.65 -97.08

driven by a negative enthalpy change and a small negative entropy change. Adsorption of

the ZnO trimer parallel to graphene is less favorable in the singlet state that in the triplet

state. The magnitudes of the energy and free energy of adsorption (49 -112kcal /mol), for the

GO models, except GO5 and graphene(verticall and parallel) in the singlet states, suggest

chemical rather than physical adsorption corresponding to chemical bonding. Interestingly,

the triplet structures have lower energies than the corresponding singlet states, unlike the

bare ZnO trimer where the order is reversed.

Table 3: Bond lengths between atoms on (Zn0O); before and after absorption on graphene
and GO systems. Triplet state lengths are shown in parenthesis.

Model

Bond Length in A

10-2Zn

27Zn-30

30-6Zn

6Zn-50

50-4Zn

47Zn-10

(ZnO)3
(ZnO);-Graphene-Vertical 1
(Zn0O)3-Graphene- Parallel
(ZnO)s—G01

(Zn0)5-GO2

(ZnO)g—GO4

(Zn0)5-GO5

1.833(1.950)
1.847(1.851)
1.833
1.834
1.836
1.832
1.857

1.836
1.838
1.837
1.876

~ e~~~
=

1.833(1.950)
1.859(1.851)
1.833

2.073(2.096
2.074(2.087
2.085(2.098
1.870(1.868

= =

1.833(1.833)
1.825(1.824)
1.834
1.837
1.835
1.833
1.818

1.831
1.831
1.829
1.811

A~~~
— — — —

1.833(1.829)
1.829(1.832)
1.833
1.802
1.802
1.802
1.830

1.803
1.803
1.804
1.834

AAAA
- D ==

1.833(1.829)
1.834(1.832)
1.836
1.840
1.839
1.840
1.832

1.840)
1.840)
1.840)
1.830)

===

1.833(1.833)
1.823(1.824)

1.835
1.795
1.794
1.793
1.818

S == =

1.792
1.792
1.792
1.813

===

The adsorption of the (ZnO); on graphene and on GO models is accompanied by charge dis-

tribution on the atoms and changes in bond lengths between atoms of the ZnO nanocluster.
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The bond lengths between the atoms on (ZnO); are shown in table [3| In the bare (ZnO);
nanocluster the Zn-O bond length is 1.833 Ain the singlet state. All the triplet state bond
lengths are greater or nearly the same as the singlet states values. When (ZnQ)3 adsorbed
parallel to graphene the Zn-O bond lengths in the trimer have not changed significantly. The
slight increment occurs only where the ring structure binds to the graphene in the singlet
state, which is in 10-4Zn, 4Zn-50, and 30-6Zn bond lengths. When binding vertically on
the graphene sheet, and on the GO models via the 2Zn atom, the 10-4Zn, 4Zn-50, and

30-6Zn bond lengths of the trimer in the singlet state have increased.

Table 4: Bond lengths between atoms on (Zn0O); and atoms on graphene or GO systems
in the singlet and triplet states after adsorption.

Bond Length in A
Model Bond  Singlet Triplet
(Zn0O)3-GV1 2Zn-C 2954  2.741
(Zn0);-GV2  50-C  2.369 N/A
47Zn-C  3.302 N/A

(InO)sGP 560 3400 N/A

27Zn-0  1.923  1.908

(Zn0)s-GOL "o 1 (og4  0.088

9Zn-0  1.917  1.909

(Zn0)s-GOZ "5 ' ('9g5  0.990

(Z00)s-GOA 97Zn-0  1.915  1.907
.

30-H 0983  0.991
(Zn0)3-GO5 2Zn-O  2.183  2.152

The bond lengths between the Zn and O atoms in the (Zn0O); and the atoms in the graphene
and GO models calculated using B3LYP/DGDZVP2 are shown in the tabldd The triplet
state 2Zn- C(graphene) and 2Zn-O(GO) bond lengths are smaller than the singlet state
bond. This shows the appearance of stronger bonds on the triplet state with lower optimized
energies in the triplet state compared to the singlet state. The 30((Zn0O);)-H(GO) bond

length is larger in the triplet state than in the singlet state.

The Mulliken charges on atoms of the (ZnO); cluster before and after adsorption on graphene,

graphene oxide, and water are shown in the table [f Although not unique, the Mulliken

13



charges on the atoms provide a qualitative understanding of the changes in charge density

before and after the absorption on graphene and GO, models,

Table 5: Mulliken charges of atoms in (Zn0O); without and with HoO before and after
adsorb on the graphene and GO models in the singlet state.

System Mulliken Charges

B3LYP/DGDZVP2 10 2Zn 30 4Zn 50 6Zn
(ZnO)3 -0.757 0.757 -0.757 0.757 -0.757 0.757
(ZnO)s + H,0 -0.886 0.779 -0.764 0.738 -0.778 0.750
(ZnO)3 -Graphene-parallel -0.745 0.736 -0.744 0.746 -0.741 0.747
(ZnO)3 -Graphene-vertical -0.767 0.665 -0.811 0.758 -0.753 0.766
(ZnO);3 -Graphene + Hy0O- vertical 1-pathway 1 -0.776 0.702 -0.912 0.759 -0.773 0.752
(ZnO); -Graphene + HyO - vertical 1-pathway 2 -0.766 0.680 -0.828 0.783 -0.878 0.753
(ZnO);- GO1 -0.753 0.786 -0.715 0.767 -0.724 0.835
(Zn0)3- GO1 + HyO-pathway 1 -0.876 0.815 -0.701 0.743 -0.745 0.814
(Zn0O)3- GO1 + H,0 -pathway 2 -0.768 0.775 -0.737 0.767 -0.779 0.801
(Zn0);- GO2 -0.725  0.767 -0.759 0.829 -0.711 0.774
(Zn0)3- GO2+ H,0O -pathway 1 -0.746  0.745 -0.888 0.813 -0.698 0.807
(Zn0O)3- GO2+ H,0 -pathway?2 -0.783 0.767 -0.773 0.797 -0.731 0.763
(Zn0);- GO4 -0.726  0.766 -0.751 0.833 -0.721 0.780
(Zn0)3- GO4+ H,0 -pathway 1 -0.784 0.766 -0.764 0.800 -0.734 0.768
(Zn0)3- GO4+ Hy0 -pathway 2 -0.746 0.744 -0.880 0.814 -0.704 0.809
(Zn0);- GO5 -0.778 0.745 -0.755 0.711 -0.804 0.753
(Zn0)3- GO5 + HyO-pathway 1 -0.901 0.738 -0.773 0.766 -0.820 0.755
(Zn0)3- GO5+ Hy0 -pathway 2 -0.814 0.722 -0.808 0.721 -0.779 0.738

Polarization follows from a small rearrangement of charge when the oxygen atom of a water
molecule is adsorbed on the 2Zn atom of the ZnO trimer. The partial positive charge on
27mn is increased slightly while the magnitude of the negative charge of the adjacent 10
atom is increased. Exceptions are graphene and GOb5 structure where the charge on 2Zn
decreases, after water adsorption accompanied by a larger decrease in the negative charge of
the 10 oxygen atom in GO5 than in other systems. This could be a reflection of the epoxy
structure of GOb.Likewise the densities of state and band gaps provide information on how
electron excitation of the (ZnO); catalytic center is modulated by graphene and GO model
substrates. Our calculations using the using B3LYP/DGDZVP2 level of DFT theory are

displayed in Figure [6]
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Figure 6: Calculated density of states using GaussSum for (a)(Zn0)s, and (Zn0); adsorbed
on (b) GO model 1; GO1, (¢) GO model 2; GO2, (d) GO model 4; GO4, and (e) GO model

5; GO5.
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Results and Discussion

We next discuss successive steps of adsorption and hydrolysis of two water molecules that

occur prior to water splitting.%® The first adsorption step

X(ZIIO)3 + H2O —)X(Zn303.H20) (4)

is followed by hydrolysis

X(Zn303.H2O)—> XZI’I302(OH)2 (5)

Likewise the adsorption of a second water molecule

XZn302(OH)2—|—H20—> XZH302(OH)2.H20 (6)

is followed by hydrolysis

XZHgOz(OH)2.H2O — XZDgO(OH)4 (7)

where X is either graphene or a GO system. If X is removed what remains is the bare (ZnO)3

nanocluster and its hydrated and hydrolyzed products discussed in our earlier study.“®

H,0O absorption on catalytic sites

The adsorption of a water molecule occurs directly on a Zn atom of the ZnO trimer already
adsorbed on graphene or on the ZnO trimer bonded to a functional group in GO. This is
of interest as it is the catalytic site at which hydrolysis begins before water splitting. The
negative oxygen atom of a water molecule is adsorbed onto a positively charged Zn atom of

the ZnO trimer followed by hydrolytic dissociation and proton transfer of a hydrogen atom
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to an oxygen atom adjacent to zinc.

Figure 7: Optimized structures of HoO absorbed on (ZnO)s; using B3LYP/DGDZVP2
level of theory. Zn, O, and H atoms are represented using the blue, red, and grey colors

respectively.

(a) Graphene-(Zn0)3-H2O-V1-top
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(d) Graphene-(ZnO)3-H2O-V2-side

Figure 8: Optimized structures of HoO adsorption on Graphene-(Zn0O)3 system - vertical
1 (Zn-C bond) (a)pathway 1 top view, (b)pathway 1 side view, (c) pathway 2 top view, and
(d) pathway 2 side view calculated using B3LYP/DGDZVP2.

Figure m shows the adsorption of a water molecule on the (ZnO)3 catalyst in the singlet state.

A detailed study on the adsorption and hydrolysis reaction of this system has been done in

our previous study.”® Figure [§] shows the water molecule adsorption on graphene-(ZnO);



model, where V1 and V2 represented the two different vertical adsorptions of (ZnO)s3 on the

g oF

(a) GO1-(Zn0);-H,0-1a (b) GO1-(Zn0);-H,0-2a

graphene on the singlet state.
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(c) GO2-{Zn0),-H,0-1a (d) GO2-(ZnO),-H,0-2a
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Figure 9: Optimized structures of HyO absorption on (a) GO1-(Zn0O);:Pathwayl, (b)
GO1-(ZnO)s:Pathway?2, (c) GO2-(ZnO)s:Pathwayl, (d) GO2-(ZnO)s:Pathway?2, (e) GO4-
(ZnO)s:Pathwayl, (f) GO4-(ZnO)s:Pathway2, (g) GO5-(Zn0O)s:Pathwayl and (h) GO5-
(ZnO)3:Pathway?2 calculated using BSLYP/DGDZVP2 level of theory

Figure [J] shows the optimized structures of Hy adsorption on (ZnO)s anchored on GO 1,
2, 4 and 5 models. Each model goes through two different hydration pathways. Water

molecule adsorption energies in kcal/mol on a ZnO trimer already deposited on graphene
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are calculated from

EAd4 = ETot - (EGraphene + EZnO + EWater) (8)

and the corresponding energies of adsorption of ZnO trimer attached to a functional group

on GO are calculated likewise from

EAdS = ETot - (EGO + EZnO + EWater) (9)

In equation (5), E1o is the energy of the system after adsorbing (ZnO)s3 on graphene, and in
equation (5), it is the energy of the system after the water molecule is adsorbed on (ZnO)3
bonded to the functional group of the GO model. The thermodynamic (AG) and (AH)

values were calculated in each reaction using the following relationships,

AGreaction = GProducts - GReactants (1())

A[_[reacz‘/ion = HProducts - HReactants ( 1 1)

Our results are presented in table [0] together with the HOMO-LUMO gap in the singlet
state before and after the addition of one water molecule. Again the energies and free
energies of adsorption in the triplet state are more negative than in the singlet state which
is reflected in the total energy. Hydration is driven by the enthalpy change modulated by a
substantial negative entropy contribution. Since DFT is a ground state theory, calculations
of the HOMP-LUMO gaps using this theory are subject to errors that are well known, but
our calculations using DF'T should depict the trends in the HOMO-LUMO gap when the zinc
oxide trimer is adsorbed on graphene or the functional groups of the GO models. The gap
is substantially reduced from 4.42ev for the bare Zinc oxide trimer to 1.21,1.16 and 1.48 eV
respectively for the Zinc oxide trimer on GO2, GO3, and GOb5, suggesting that GO models

will be sensitive to light and electron promotion in the visible region.
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Table 6: Water molecule adsorption energy and AG, AH values in both singlet and triplet
states and AEgomo.Lumo in the singlet state. The HOMO-LUMO difference of the models
before water adsorption is shown within parenthesis.

AEnomo-Lumo in eV

System Eaq in kcal/mol AG in kcal/mol AH in kcal/mol

B3LYP/DGDZVP2 Singlet Triplet Singlet Triplet Singlet Triplet

(ZnO)3 + H,0 -19.19 -18.95 -8.24 -8.14 -17.55 -17.26 4.65 (4.42)
(Zn0O)3 -Graphene + Hy0- vertical 1-pathway 1 -23.78 -107.68  -4.62 -83.80 -21.68 -103.29 1.46 (1.45)
(Zn0O)3 -Graphene + HyO - vertical 1-pathway 2 -25.10 -107.73  -5.60 -84.19  -23.01 -103.55 1.45 (1.45)
(Zn0)3- GO1 + HyO-pathway 1 -70.29 -124.75  -48.45 -100.99 -67.79 -122.76 1.42 (1.41)
(Zn0O)- GO1 + H0 -pathway 2 -74.44 -127.64  -53.15 -104.17  -71.93 -125.17 1.44 (1.41)
(Zn0)3- GO2+ H,0 -pathway 1 -69.44 -127.17  -47.94 -102.03  -67.13 -124.24 1.20 (1.22)
(Zn0)3- GO2+ Hy0 -pathway?2 -73.33 -130.34  -52.51 -106.27  -70.99 -127.41 1.19 (1.22)
(Zn0)3- GO4+ H,0 -pathway 1 -74.77 0 -11883  -53.69 -95.85  -T1.76  -115.38 1.12 (1.16)
(Zn0)3- GO4+ H,0 -pathway 2 -71.76 -115.38  -49.43 -91.81 -69.36 -113.67 1.14 (1.16)
(Zn0)3- GO5 + HyO-pathway 1 -30.63  -113.61 -9.25 -87.58  -27.85  -109.07 1.49 (1.48)
(Zn0)3- GO5+ H,0 -pathway 2 -32.70  -116.89  -8.68 -87.57  -30.06  -112.33 1.22 (1.48)

Hydrolysis of Water at catalytic sites of ZnO trimers

In this section, we discuss the mechanistic pathways and potential energy diagrams for
hydrolysis in detail. The mechanism is determined using the intrinsic reaction coordinate
(IRC) method in the forward and reverse directions suggested by Fukui et al.? The hydrolysis
of water molecules absorbed on free ZnO trimers, and on the same trimers adsorbed on
graphene and the functional groups of the four graphene oxides GO1, GO2, GO4, and GO5
generally involve partial dissociation of the water and proton transfer to a neighboring oxygen

atom on the zinc oxide trimer.

There are two vertical states 1 and 2 for ZnO trimer adsorbed on graphene. Hydrolysis of
water on ZnO trimer in the vertical 1 state of graphene C30(Zn0); does not proceed beyond
the first water molecule when the hydrated structures effortlessly reorganize to the final
stable hydrolyzed structures C3y03Zn0Oy(OH), with negative energies (-167kcal/mol in the
singlet and -30.4 kcal/mole in the triplet state)and curve crossing of the singlet and triplet
states as displayed in Figure [I0] and Table [7] In contrast to this, successive hydration and
hydrolysis of two water molecules in the vertical state 2 of the zinc oxide trimer on graphene
as shown in the figure[l1|and table|8|occurs readily with low activation energies for hydrolysis

0,9 and 1.2 keal/mol for the first hydrolysis and 26.3 and 2.7 kcal/mol respectively for the
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second in the triplet and singlet states, without curve crossing and the energy gap between

triplet and singlet states is reduced from -45.5kcal /mol in the initial to -31 kcal /mol in the

final hydrolyzed product.
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Figure 10: Hydrolysis pathway of one water molecule on (ZnQO); deposited on
graphene:vertical 1

Table 7: Graphene [Csg| verticall-Relative energies in kcal/mol of the adsorption and
hydrolysis of the first water molecule in singlet and triplet states shown in Figure [I0} The

temperature is 298K.

Zn30O; Znz03.H,O TS Zn3z0,(OH),
gvla gvlb gvlc gvld
E 0.0(S) -15.2 -41.6 -167.6
-45.5(T) -614 -63.1 -80.4
Eabs,reorg _155(S> _264<S)
-15.9(T) -1.7(T)
Freq -42.3(8S)
-883.3(T)
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Figure 11: Hydrolysis pathway of one water molecule adorbed on (ZnO); deposited on
graphene:vertical 2

Table 8: Graphene [Cgg| vertical2-Relative energies in kcal/mol of the adsorption and
hydrolysis of the first water molecule in singlet and triplet states shown in Figure (11} The
temperature is 298K.

Zn303 Zn303.H20 TS Zl’l302(0H)2 anoz(OH)2.H20 TS ZIl30(OH)4

gv2a gv2b gv2c gv2d gvle gv2f gvag
E 0.0(S) -16.4 -15.2 -30.4 -48.1 -45.4 -184.8

-45.5(T) -61.8 -60.9 -75.8 -93.7 -67.4 -215.8
Eabs,act -16.4 1.2(S) -17.7 2.7

-16.3 0.9(T) -17.9 26.3
Freq -913.8(S) -1059.4
-910.7(T) -1064.7

The trend of low activation energies for the first and second hydrolysis of water molecules

continues for the GO1 to GO5 models even along different pathways although the structural

intermediates may not be the same. This is illustrated in Figures[12|to 20| for the mechanistic

pathways and the corresponding Tables [0 to [L2] for the associated energies for hydration and

hydrolysis. The real bottlenecks begin with the next few steps of water splitting.
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Figure 12: Potential energy surface (PES) of the hydration and hydrolysis of two water
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kcal/mol. The temperature is 298K.
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Table 9: Relative energies in kcal/mol of the adsorption and hydrolysis of the first and
second water molecules on GO1 [C3;09H,| prior to water splitting on singlet and triplet
states shown in Figure [I2 and [[3] The temperature is 298K.

GO1Znz0; Cs0,H,Zn;05.H,0 TS GO1Zn;0,(0OH), GO1Zn;0,(OH),.H,O TS GO1ZnzO(OH),
PW1 GOlal GO1b1l GOlcl GO1d1 GOlel GO1fl GO1gl
E 0.0(S) -17.6 -18.3 -46.9 -58.2 -54.7 -76.2
-45.4(T) -60.5 -61.4 -90.4 -99.5 -98.3 -119.8
Eubs.act -17.6 0.7(S) 113 3.5
-15.1 0.9(T) 9.1 1.2
Freq -702.7(S) -958.1
~696.8(T) -955.3
PW2 GOl1la2 GO1b2 GO1c2 GO0O1d2 GO1le2 GO1f2 GO1g2
E 0.0(S) -21.9 -17.2 -38.3 -55.1 -51.5 -73.8
-45.4(T) -63.2 -60.9 -81.4 -97.5 -95.0 -117.3
Ebs.act 21.9 4.7(S) -16.8 3.6
-17.8 2.3(T) -16.1 25
Freq -1051.4(S) -1089.9
-1042.7(T) -1086.2
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Figure 14: Potential energy surface (PES) of the hydration and hydrolysis of water
molecules on GO2:pathway 1, a using B3LYP/DGDZVP2 level of theory.Relative Energies

in kcal /mol.
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Table 10: GO2-Relative energies in kcal/mol of the adsorption and hydrolysis of the first
and second water molecules prior to water splitting on singlet and triplet states shown in
Figure [14 and [I5] The temperature is 298K.

GO2Zn3O3 C3102H2Zn303.H20 TS GOZZI’IgOz(OH)z G02Zn302(OH)2.H20 TS GOZZn3O(OH)4
PW1 GO2al GO2bl GO2cl GO2d1 GO2el GO2fl1 GO2gl
E 0.0(S) 174 -17.1 A7.4 -55.2 551 -76.6
-49.6(T) -66.5 -68.3 -99.7 -105.5 -103.4  -128.7
Eaps.act 174 0.3(S) 7.8 0.1
-16.9 -1.8(T) 58 2.1
Freq -687.1(S) -956.3
-668.9(T) -1051.3
PW2 GO2a2 GO2b2 GO2c2 GO02d2 GO2e2 GO2f2 GO2g2
E 0.0(S) -21.5 -17.2 -38.4 -54.9 -51.5 -73.6
-49.6(T) -70.1 -68.3 -89.1 -103.9 -102.7  -123.8
Eabs.act 215 4.3(9) -16.5 3.4
-20.5 1.8(T) -14.8 1.2
Freq -1035.8(S) -1086.9
-1019.9(T) -1073.5
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Figure 16: Potential energy surface (PES) of the hydration and hydrolysis of two water
molecules on GO4:pathway 1, using B3LYP/DGDZVP2 level of theory.Relative Energies in

kcal /mol.
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Table 11: GO4: Cj;03Hy-Relative energies in kcal/mol of the adsorption and hydrolysis
of the first and second water molecules prior to water splitting on singlet and triplet states
shown in Figure [16] and The temperature is 298K.

GO4ZH303 GO4ZH303.H20 TS GO4ZH302(OH)2 GO4ZH302(OH)2.H20 TS GO4ZH30(OH)4
PW1 GOd4al GO4bl GO4cl GO4d1 GO4el GO4fl GO4gl
E 0.0(S) -21.2 -18.9 -38.4 -55.2 -52.2 -74.3
-49.2(T) -59.1 -70.7 -76.2 -93.1 -105.3 -121.9
Eabs.act 21.2 2.3(9) -16.8 3.0
9.9 -11.6(T) -16.9 122
Freq -1056.3(S) -1104.6
-1037.1(T) -1079.4
PW2 GO4a2 GO4b2 GO4c2 GO04d2 GO4e2 GO4f2 GO4g2
E 0.0(S) -17.7 -16.5 -46.3 -54.1 -53.7 -76.0
-49.2(T) -55.4 -70.9 -99.2 -104.8 -104.3 -126.8
Eabs.act 177 1.2(S) 7.8 0.4
6.2 -15.5(T) 5.6 0.5
Freq -99.1(S) -953.9
-659.9(T) -946.4
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Figure 18: Potential energy surface (PES) of the hydration and hydrolysis of two water
molecules on GOb5:pathway la, using B3LYP/DGDZVP2 level of theory.Relative Energies
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Figure 19: Potential energy surface (PES) of the hydration and hydrolysis of two water
molecules on GO5:pathway 1b, using B3LYP/DGDZVP2 level of theory.Relative Energies
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Figure 20: Potential energy surface (PES) of the hydration and hydrolysis of two water
molecules on GO5:pathway 2, using B3LYP/DGDZVP2 level of theory.Relative Energies in
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Table 12: GO5[C3y0]-Relative energies in kcal/mol of the formation and release of the first
hydrogen molecule during water splitting shown in Figure [I8] [I9 and 20f The temperature

is 298K.
GO5ZH303 GO5ZH303.H20 TS GO5ZI]302(OH)2 GO5ZH302(OH)2.H20 TS GO5ZH30(0H)4
PWla GOb5all GO5bl1 GO5cl11 GO5d11 GOb5ell GO5f11 GO5gll
B 0.0(S) -15.6 -15.0 -32.5 -46.3 -46.4 -67.6
-49.2(T) -60.7 -65.9 -83.5 -96.3 -97.6 -118.2
Eabs.act -15.6 0.6(S) -13.8 0.1
115 5.2(T) 12.8 1.3
Freq -934.9(S) -678.2
-843.8(T) 786.7
PW1b GO5al2 GO5b12 GO5c12 GO5d12 GO5el2 GO5f12 GO5gl2
E 0.0(S) -15.6 -15.0 -32.5 -46.3 -41.1 -77.6
-49.2(T) -60.7 -65.9 -83.5 -91.9 -93.3 -128.3
Babs.act 15.6 0.6(S) 13.8 5.2
115 -5.2(T) 8.4 1.4
Freq -934.9(S) -456.1
-843.8(T) 975.1
PW2 GO5a2 GO5b2 GO5c2  GO5d2 GOb5e2 GO5f2 GO5g2
E 0.0(S) -17.5 -14.8 -29.8 -45.9 -44.1 -66.9
-49.2(T) -63.6 -64.7 -80.5 -89.5 -93.8 -116.9
Eabs.act -175 2.7(9) -16.1 18
-14.4 -1.1(T) -9.0 -4.3
Freq -887.2(S) 994.3
-856.0(T) -1008.1

Table shows the relative energies and energy changes of hydration and hydrolysis reac-

tion of bare (ZnO)3; and (ZnO)s on graphene and GO systems with two water molecules.

According to that, graphene itself would not be able to use as a substrate for water spitting.

The overall energy change for hydrolysis on graphene is -167.76 kcal /mol the vertical state

1 is unlikely as the rate-determining because of their low activation energies. The reaction

pathways for hydrolysis reaction on the vertical 1 graphene system were worked only on

the triplet state. The hydrolysis reaction of (ZnO); on the vertical 2 graphene system was

successful on both states with one water molecule but not with the second water molecule.

This can occur due to transferring the hydrophobic property from the graphene sheet to the

(ZnO)3 on the singlet state.
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Table 13: Relative Energies and energy changes of Hydration and hydrolysis of (ZnO)3 on
different systems, S(0) = singlet S(1) = triplet

SyStem Ebare Ehydroll DEhydroll Ehydr012 DEhydr012
(ZHO)g
Path a S(1) 57.5 11.3 423 -14.9 -72.4 Table46
S(0) 0.0 -312 312 -78.3 -78.3
Table446
Pathbl 57.5 11.3 423 -14.7 -72.2
0.0 -312 312 -79.9 -79.7
Pathb2 57.5 11.3 -14.7 -72.4  Table446
0.0 -312 -78.3 -78.3
GV1 V1 Singlet S(0) 0 -167.6  -167.6 NA NA Table [7]
Tripet S(1) 455 -80.5 -34.9 NA NA
GV2  V2(S0) 0.0 -304 -304 1848 -184.8 Table[§]
S(1) 455 -75.8 -30.3 2158  -170.3
GO1  P1S(0) 0.0  -46.9 469 -76.2 -76.2  Table[J]
S(1) 454 383 45 -119.8 -74.4
P2 S(0) 0.0 -383 383 -73.8 -73.8
S(1) 454 -81.4 -35.9  117.3 -71.9
GO2  P15(0) 0.0 -474 A4 -T6.6 -76.6  Table [10]
S(1) -49.6  -99.7 -50.1 -128.7 -79.1
P2 S(0) 0.0 -384 384 -73.6 -73.6
S(1) -49.6  -89.1 -39.5  -123.8 -74.2
GO4
P1 (S0) 0.0 -384 384 -74.3 -74.3  Table|[L1]
S(1) 492 -76.2 262 -121.9 -72.7
P2 S(0) 0.0 -46.3 -46.3 -76 -76
S(1) 492 -99.2 50 -126.8 -77.6
GO5
Pla S(0) 0.0 -325 325 -67.6 -67.6 Table
S(1) 492 -835 -50.1  -118.2 -69
P1b S(0) 0.0 -46.3 463 T7.6 -77.6  Table
S(1) 492 -99.2 50 -128.3 -79.1
P2 S(0) 0.0 -29.8 29.8  -66.9 -66.9  Table[12]
S(1) 492 -80.5 313 -116.9 -67.7
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(ZnO)3 with GO models shows similar hydrolysis reaction pathways as in bare (Zn0O);. GO1,
GO2, and GO4 models have two different hydrolysis reaction pathways whereas GO5 has 3
different hydrolysis reaction pathways. All the transition states in both singlet and triplet
states are calculated using the Berny algorithm. The transition states have only one negative
frequency as shown in the relative tables. The low activation energy barriers interpret the
lower impact of the hydrolysis reaction pathway for the rate-determining step of the water-

splitting reaction.

Water Splitting Results

GO1 model

In this section, we consider the final steps in the mechanism and energetics of water splitting
on the GO1 model from the hydrolyzed product to get Hy, Oy and cluster model as the
catalysts as shown in eq12] where X denoted the GO model (here it is the GO1 model,
C310Hs).

XZn3O(OH);— XZn3zO3+2H,+0, (12)

This reaction is highly endothermic with an enthalpy change of 116 kcal /mol at 298K. The
intermediate steps in the reaction determine the overall rate of water splitting in the GO1
model, by comparing it with our previous study of water splitting using the bare (ZnO)s
nanocatalyst. Figure [21] and 22| show the intermediate steps involved in the evolution of the
first hydrogen molecule; the corresponding potential energy values are summarized in Table
and [15] Clearly, the rate-determining step is the rearrangement of the intermediate. All

transition states have negative frequency values as shown in the table [14] and

The energy change for the rearrangement is ~94.2 kcal/mol in the triplet and singlet states
and the corresponding activation energies are ~ 112.5 kcal /mol showing that the rearrange-

ment is more likely the rate-determining step as already shown for the bare (ZnO)s nan-
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Table 14: Relative energies in kcal/mol of the formation and release of the first hydrogen
molecule during water splitting on GO1 model shown in Figure 21 The temperature is
298K.

GOIZI’IgO(OH)4 TS Hanog(OH);; TS Zl’l303(0H)2.H2 Zn303(OH)2 TS
Pathway 1 GOl1gl GO1hl GOlil GO1jl1 GO1k1 Go11 GO1ml
E -76.2 36.3 18.3 54.1 37.1 36.1 NA

-119.8 -7.4 -25.6 11.1 -6.3 -7.3 NA
Eud.act -76.2 112.5(S) 35.8

74.4 112.4(T) 36.7
Freq -684.1 -1237.3

-687.5 -1235.1

ocluster for which the rearrangement energies of 53.5 and 76. kcal/mol in the triplet and
singlet states and corresponding activation energies of 82.8 and 120.8 kcal /mol in the triplet
and singlet states respectively. The rearrangement energies though smaller in the activation
energies of the bare ZnO trimer are slightly larger (120 vs 112kcal/mol) in our calculations

for the bare ZnO trimer nanocatalyst.
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Figure 21: Water splitting reaction on GO1|Cs3 OyHs| towards the first Hy desorp-
tion:pathway 1.

After the first Hy desorption occurred, the remaining "H’ atoms in the structure 1 (GO111 in
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the figure [21{in both singlet and triplet states) are rearranged in a favorable way to make an
H-H bond to form the second Hy molecule. Hence the structure m and n from the reaction

pathway can be eliminated.
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Figure 22: Water splitting on GO1|C3;02Hs| towards the second Hy and O desorp-
tion:pathway 1.

Table 15: Relative energies in kcal/mol of the formation and release of the first hydrogen
molecule during water splitting on GO1 model shown in Figure 22, The temperature is
298K.

GO1Zn303(0OH), TS GO1HZn;04(OH) TS GO1Zn305.H, GO1Zn3O5 TS GO1Zn3053.02, GO1Zn30;
Pathway 1 GOl1nl GOlol GOlp1l GOl1lql GO1rl GO1sl GO1tl GOlul GO1v1l
E NA 100.2 119.9 162.6 150.6 151.5 128.28  128.26 144.4

NA 98.4 79.3 103.5 104.3 106.1 56.3 56.7 101.1
Eadact NA 64.1(S) 42.7 223.3

NA 105.7(T) 24.3 49.8
Freq -65.2 -27.5 -29.8

-43.6 -1104.7 -26.7

Figure [23| compares the water splitting reaction on bare (ZnO); and GO1-(ZnO)3 system.
The singlet and triplet states of bare (ZnO)3 and the GO1-(ZnO)3 systems are represented in

blue, orange, grey, and yellow color lines respectively. The triplet state of GO1-(ZnO)3 has
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Figure 23: Schematic comparison of Water splitting reaction on bare (ZnO)s; and
GO1[C3109Hs]| towards the Hy and Oy desorption:pathway 1.

the lowest energy. Both singlet and triplet states in both systems have similar arrangements
during the first Hy desorption. GO1-(Zn0O); models skip two steps (structure m and n) in
the second Hy desorption. The singlet-triplet states crossed during the O, desorption on

bare (Zn0O); but not in the GO1-(Zn0O); system.

Conclusion

Graphene and graphene-based metal oxides are considered suitable substrates for metal oxide
photocatalysts for water-splitting reactions. In this work, we selected (ZnO); nanocluster as
the metal oxide catalyst after careful consideration. The 7 conjugation structure of GO shows
great electron mobility and may enhance the photocatalytic performance of ZnO by increas-
ing the electron-hole separation. The hydration and hydrolysis reaction (ZnO)s nanocluster
absorbed on graphene was studied in both singlet and triplet states using BSLYP/DGDZVP2

exchange functionals and basis sets. The hydration and hydrolysis reaction on GO models
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were also studied on both singlet and triplet states using the same combination of exchange
functional and basis sets. GO models 1, 2, and 4 have two different reaction pathways for the
hydrolysis reaction, and GO model 5 has three different hydrolysis reaction pathways as the
Zn atom only binds with the O atom in the epoxy group. The triplet state of GO1-(ZnO);
has the lowest relative energy compared to the bare (ZnO)s. The splitting reaction pathway
with GO1-(Zn0O); skips "m" and "n" steps as described as the geometry of "1" is already in

a favorable conformation to split water and produce Hy molecules.
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