Water-Gas Shift Activity of Tran-
sition Metal SACs

In this chapter, we discuss our investigation on catalytic behaviour of transition metals
(TMs) based SACs supported over AIN substrate (M@QAIN; M=Ni, Pd, Pt, Cu, Ag,
Au) towards water-gas shift (WGS) reaction, which is the reaction between CO and
H50O to produce COs and Hs molecule as a product. Here, we analysed the stability of
M-atoms in terms of binding energy and diffusion of M-atom over substrate. The strong
binding energy and high diffusion barrier confirms the stoned-stability of M@QAIN and
also restrict the cluster formation possibility of MQAIN. Further, by examinination of
interaction of reactants with M@AIN confirms that the considered SACs are capable of
handling individual /multiple reactants simultaneously. Further, we computed minimum
energy path and studied complete reaction profile of the WGS reaction via formate and
OH-assistive mechanisms over M@AIN and computed activation energy (E,) using CI-
NEB method. Overall, OH-assistive mechanism is found to be preferred over formate
mechanism, with Au@AIN and Cu@AIN showing superior catalytic activity with E, val-
ues 0.14 eV and 0.21 eV, respectively. The obtained E, values are further validated with
the linearity between E, and co-adsorption energy of CO-OH molecule (Eyq5(CO+OH))
and E, and d-band center (¢4), which is an accurate parameter to predict activity of
TMs-based catalyst. Further the feasibility of the reaction is discussed in terms of rela-

tion between activation energy and reaction energy by employing energetic span model.
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Chapter 5: Water-Gas Shift Activity of Transition Metal SACs

5.1 Introduction

The global quest of renewable and sustainable energy sources and ozone-friendly
industrial exercises has reinforced the chase for ingenious catalytic operations to
produce green energy sources in heap[l]. Hydrogen gas (Hz) is been viewed as a
shoo-in due to its ample abundancy, high energy value, compliance in usage and
ecosystem and zero-carbon footprint. One of many ways to generate ultra-pure
H, in plenty is water-gas shift (WGS) reaction, fundamentally a reversible reac-
tion involving carbon monoxide (CO) and water vapour (H2O) to produce carbon
dioxide (CO2) and Ha, represented as CO + HyO = COs + Hs[2, 3]. The WGS
reaction has reaped heightened emphasis from the research community and indus-
tries across globe due to its significance in production and purification of hydrogen,
in syngas conditioning to maintain CO/H, ratio and its environmental impact as
it converts detrimental CO gas into benign CO, gas, placing it amongst the prime
chemical reactions[4]. Howbeit, the cardinal challenges in WGS reaction are (i) to
manage its slow reaction kinetics and high thermodynamics of the reaction, (ii) to
avert the CO poisoning effect of the catalyst, (iii) to oversee the selectivity of the
catalyst towards forming Hs as a product and not any other CH-products (like
CHj, CH30H etc.) and (iv) to implement large-scaled commercialization of such
catalyst[5]. Thus, the WGS reaction, owing such an essentiality from environmen-
tal and industrial point of view, and having handful of complications, requires an
auxiliary attention to study it’s reaction kinetics and design an efficacious and
potent catalyst for functional aspect.

Historically, TMs based catalysts like Ni(111), Ni(100), Ni(110), Ni(211)[6, 7] Pt-
nanotubes(8], AuzgaMg (M=Cu, Pt, Pd, Rh, Ir) nanoclusters (NCs)[9], Ag NCs[10]
etc., are perceived to evince superior catalytic behaviour towards WGS reaction.
However, their high cost, paucity and effectively low-metal-atom-utilization effi-
ciency of the precious metals calls on us to look for an alternative approach to
design a catalyst addressing the above issue at least without compromising the
activity and selectivity for the WGS reaction. In that direction, an approach
of retrenching the catalyst particle size from bulk to 2D to NCs and further to
atomic scale is capturing interest, on the grounds of the fact that catalytic ac-
tivity annexes eminently on downsizing the particle size[11, 12]. The amplified
catalytic activity on reducing the size of the particle is due to the partially filled

d-orbitals allowing it to possess variable oxidation states, also the introduction of
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quantum confinement effect at an atomistic-scale leading to origination of fron-
tier orbitals to interact with the reactants, leading to an optimum adsorption
favourably assist the reaction[13, 14]. This lens of downsizing the particle size led
to an entirely new domain in heterogeneous catalysis, now known as single-atom
catalysts (SACs), wherein an atomically dispersed/implanted/embedded atoms
moored by some porous substrates, serves as an active centre for the reaction,
has procured keen attention of the researchers in past decade or so[15-17]. In
the recent years, many SACs has been probed by both theoretical as well as
experimental angle for WGS reaction like TM/ZnO (TM: Mn, Fe, Co, Ni)[18]
Cu/a-MoCJ[19], Ir; /FeO,[20], Ir; /a-MoC(111)[21], M;/a-MoC(100) (M=Rh, Pd,
Pt, Au)[22], Pt/TiO[23, 24], Ru/Fe0,[25] etc.. Although, various combination
of SACs and substrates are scouted and scanned in this regard, but majority of
the work is performed over carbon-based or oxide surfaces owing to their abun-
dancy, stability and high-porosity[26, 27]. Moreover, the lattice oxygen of oxide
surface also assists in the redox mechanism of WGS reaction. Having said that,
the key challenges for oxide surfaces is managing its complex surface chemistry,
maintaining reaction specificity and achieving commercial scalability. As the sub-
strate plays an instrumental role, not only in anchoring and stabilizing dispersed
atoms, but it also reshapes its electronic structure, promoting catalytical activity
and productivity of SACs[28]. So, a comprehensive study on the catalytical prop-
erty of SACs supported over a substrate for WGS reaction would prove to be a
great deal to design a practical catalyst.

Thus, here, we contemplated AIN substrate to anchor TM SACs, hereafter noted
as M@QAIN (M=Ni, Pt, Pd, Cu, Ag, Au), and inspected its structure-electronic fea-
tures, interaction mechanistic of reactants and then the electrocatalytic behaviour
towards WGS reaction via two reaction mechanisms; (i) formate mechanism|29]
and (ii) OH-assistive mechanism[22]. The complete reaction profiles of these mech-
anism are discussed later in the article. The rationale behind choosing AIN as a
substrate is its excellent thermal conductivity and terrific thermal as well as chem-
ical stability makes it efficiently operational under extreme reaction condition and
can tackle high thermodynamics of WGS reaction[30, 31]. This research paper
manifest a thorough analysis of fundamental principles governing the WGS reac-
tion and its critical role in the evolving landscape of clean energy production and
industrial sustainability, also foretell a future possibility for designing a rational,

potent and economically practicable SACs.
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5.2 Methodology

5.2.1 Total Energy Calculation

We used Quantum ESPRESSO simulation package based on density functional
theory (DFT) to perform all the self-consistent total energy calculations[32, 33].
All the calculations were done considering spin-polarization as the considered
systems involve TMs. To consider electron-ion interactions, we considered all-
electron projected augmented wave (PAW) pseudo-potentials[34, 35]. To evaluate
electronic exchange-correlation interactions, generalized gradient approximation
(GGA) in the framework of Perdew—Burke-Ernzerhof (PBE) were used[36]. , The
semi-empirical van der Waals corrections DFT-D3 proposed by Grimme et. al
were employed to consider the long-range dispersion forces[37]. A vacuum of 18 A
was provided in z-direction to avoid interaction between two periodic images. The
kinetic energy cut-off of 80 Ry was chosen to be for the plane-wave basis set. For
geometry optimization, the convergence threshold set to 1.0 x 107% eV without
applying any symmetry constraints. The Marzari-Vanderbilt smearing method
with a finite temperature width of 0.02 Ry was adopted[38]. Supercells consisting
of 4 x 4 x 1 AIN unit cell were used and the Brillouin zones were sampled using
a Monkhorst—Pack scheme with 8 x 8 x 1 k-points grid[39].

5.2.2 Minimum Energy Path and Activation Energy Com-

putation

The reaction profiles of WGS reaction were examined using the climbing image
nudged elastic band (CI-NEB) method. (implemented in the Quantum ESPRESSO)
[40, 41]. The activation energy barrier (£,) for each reaction step was obtained

using the following formula
E, = Ers — Ersjin...(4)

Where Ers and Ejg i are the energies of transition state, initial /intermediate
state (depend on the nature of reaction). In our study, XCrySDen visualiza-
tion package was used to prepare all visual depictions of the structures under
investigation[42].
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5.3 Results and Discussion

5.3.1 Structural Analysis

@ _ o) _

®oH
Al-T/Al-d
N-T/N-d

FIGURE 5.2: Top and side view of (a) optimized geometry of AIN supercell

with representation of possible anchoring sites for SACs and (b) Top and side

view of M@QAIN (M=Ni, Pd, Pt, Cu, Ag, Au) at the Al-d site. Red, light blue
and light green sphere represents Al, N and M-atom, respectively.

As stated in introduction part, we considered M@QAIN (M=Ni, Pd, Pt, Cu, Ag,
Au) SACs to study WGS reaction activity. Before going for the reactant adsorp-
tion and reaction kinetics, it is crucial to investigate structural stability of these
SACs. In our study, we considered 4 x 4 supercell of AIN to anchor the SACs.
As shown in the Figh.2(a) an AIN sheet forms a graphene like structure, having
various possible anchoring site to disperse a SAC viz., Al-top (AL-T), N-top(N-T),
bridge(B), hollow(H), Al-defect(Al-d) and N-defect(N-d). In our calculation, we
examined all these sites for each SACs and calculated binding energy of M over
these sites is calculated as Ey(M) = Eyean — Fain — Ey and is mentioned in
tablel (in SI). It can be observed from the table that Al-d site as pictured in
Fig5.2(b) is found to be most stable for all considered SACs with binding energy
<-4.00 eV , evincing a strong interaction between embedded atom and substrate, a
prerequisite condition for a stable SACs. So, further calculations were carried out
using M@AIN at Al-d site. To further look into stability of M@AIN, we computed
diffusion of metal atoms from the Al-d site to neighbouring Al-d site by means
of CI-NEB method. A complete diffusion pathway and corresponding diffusion
barrier for considered SACs is displayed in. As shown in Figh.3, the computed
diffusion barrier for M@QAIN is greater than 4.00 eV, showing it is difficult for SACs
to diffuse over the substrate, highlighting the immobility of the dispersed atoms,
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FIGURE 5.3: The diffusion pathway and corresponding energy profile of M-
atom from one Al-d site to nearest Al-d site. The corresponding geometries for
initial state (IS), transition state (T'S) and final state (F'S) are represented inset.

abandoning the cluster formation possibility of SACs, which is an indispensable

precondition to design a stoned-stable and perdurable SACs.

5.3.2 Interaction of Reactants with M@QAIN and Reaction

Mechanisms

In order to understand any reaction kinetics, it is of great significance to study and
analyse the insights of reactant interaction with the catalyst. As specified above,
we considered two reaction mechanisms of WGS reaction namely, formate and
OH assistive mechanism, thus, here we have discussed both the mechanisms and
interaction of reactants corresponding to particular mechanism. The optimized ge-
ometries of adsorbed/co-adsorbed reactants (CO, OH, H,O, CO+OH, CO+H,0)
are depicted in Figh.4. The adsorption/co-adsorption energies of reactants (CO,
OH, H,0O, CO+OH, CO+H,0) and the binding energy of M@QAIN are graphed in
Figh.5.

Eads = EmoleculeJrM@AlN - EM@AIN - Emolecule
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Where, Emolecule—i—M@AlNa EM@A[N and Emolecule are the total energy of single/co—

adsorbed molecule over M@QAIN, energy of M@AIN and energy of isolated molecule.

__________________________________________

___________________________________________

FIGURE 5.4: Optimized geometry of (a) CO, (b) OH, (c) H20, (d) CO+OH
and (e) CO+H30 adsorbed M@AIN. Orange, purple and blue sphere represent
C, O and H-atom, respectively.

Energy (eV)

[ E..(CO+H,0)
Ni@AIN Pd@AIN Pt@AIN Cu@AIN Ag@AIN AUu@AIN
System

FIGURE 5.5: A plot of binding energy (E;) of M@QAIN and adsorption/co-
adsorption (E.qs) energies of reactants over M@AIN.
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5.3.2.1 Formate Mechanism

The formate mechanism of WGS reaction was first explored by Campbell and
Daube on a single crystal copper catalyst. In this mechanism, the initial state
comprises of co-adsorbed CO and H;O molecule, thereafter the H20 molecule
dissociate (HT-OH™) to form a surface hydroxyl (R-OH), which then combine
with the CO molecule to form a formate complex. The formate complex then
leaves HT to react with H* (earlier dissociated from HyO) to form Hy and CO, as
a product. As it can be observed from table 1 (in SI), the adsorption energy of
CO molecule -0.87 €V to -2.19 €V for the considered systems and H,O adsorption
energy ranges -3.59 eV to -4.17 eV, suggesting that the interaction of H,O is more
prominent than that of CO, which means that the CO contamination effect over
M@AIN would also likely to be curtailed, indeed impacting longevity of the SACs.
Further, from the co-adsorption energy of CO + HyO, it can be concluded that
concurrent interaction of reactants is too stronger than individual ones, fostering

the condition to initiate the reaction favourably.

5.3.2.2 OH-Assistive Mechanism

The fairly new and little studied mechanism is OH-assistive mechanism, in which
instead of H5O, the reaction initiates with OH and CO molecule concurrently
adsorbed over active site, reacting to form carboxyl-type (O*COH) complex, which
would then react with another OH molecule, to dissociate into CO, and H,O
(rather than Hy) as a product. As it can be observed from the table 1 (in SI), the
interaction energy of OH (ranges from -2.65 eV to -3.98 eV) is relatively higher
than that of CO, shows the considered SACs have stronger affinity towards OH
molecule than CO, abetting in lowering catalyst deactivation by CO sorption.
Moreover, the co-adsorption energy of CO+OH (-3.68 €V to -5.39 eV) molecules
is much higher than that of individual molecules, indicating that the considered

SACs are competent of operating poly-adsorbates in unison.
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5.3.3 Minimum Energy Path and Activation Energy Cal-

culations

5.3.3.1 Formate Mechanism

First, we considered traditional and familiar formate mechanism to investigate
WGSR activity of M@AIN. As discussed above, the reaction begins with co-
adsorbed CO and H,O molecule, subsequently, the H,O molecule break into H*-
OH~ (TS1) to form hydroxyl complex (M-OH), which further settles in as sepa-
rately adsorbed H* and OH* intermediates, the formation of these intermediates

is found to be the RDS of the reaction. Further, the hydroxyl complex reacts

ANE r’/
> P e ) 1L oooo 0000
W [P~ = Y
\ \
---------- 0.94 &V "-..~....... vemneene
. , -1.16 eV
-1.45eV TS1 -1.37 eV i
CcO™ + HZO' /Au@AIN CO"+H" + OH" /Au@AIN Ts2

-2.64 eV
CO,% + H,% /Au@AIN

FIGURE 5.6: The complete reaction profile and optimized geometric configu-
rations of various states for WGS reaction via formate mechanism on Au@AIN.

with CO to form a formate, which then dissociate into COég) and Hgg). The com-
plete reaction profile over Au@AIN is depicted in Fig5.6, and the reaction profiles
over other M@QAIN (M=Ni, Pd, Pt, Cu, Ag), is presented in SI (Fig.1 to Fig.5).
Moreover, the complete energy profile of the reaction over M@QAIN is presented
schematically in Figh.7(a). The activation energies and reaction energies for all
the systems are tabulated in table 2 (in SI). As the values suggests, the activation
energy for Au@AIN is found to be lowest i.e., 0.51 ¢V and 0.21 €V for first and
second barrier respectively, whereas these values range in 0.68 eV to 1.16 eV for
first barrier and 0.29 eV to 0.45 eV for second barrier for other considered SACs.
Although, Au@AIN shows reasonably good activity towards WGS reaction via
formate mechanism, but to further corroborate the activity and have an in-depth

insight, we considered another mechanism of WGS reaction.
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FIGURE 5.7: The complete energy profile for WGS reaction via (a) formate
mechanism and (b) via OH-assistive mechanism over M@QAIN.

5.3.3.2 OH-Assistive Mechanism

A kind of new and little explored OH-assistive mechanism was considered, wherein
the reaction mechanism as discussed above, begins with co-adsorbed CO-OH
molecule, reacting to form a COOH-complex, further it reacts with OH-molecule to
dissociate into COgg ) and H,O. In this reaction, the formation of COOH-complex is
found to be the RDS of the reaction. The complete reaction profile over Au@AIN
is pictured in Figh.8, and the reaction profiles over other M@AIN (M=Ni, Pd, Pt,
Cu, Ag), is presented in SI (Fig.6 to Fig. 9). Moreover, the complete energy profile
of the reaction over M@AIN is sketched in Figh.7(b). The activation energies and
reaction energies for all the systems are indexed in table 3 (in SI). As the values
suggests, the activation energy for Au@AIN is turned out to be exceptionally low

viz., 0.14 eV and 0.08 eV for first and second barrier respectively. In conjunction
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FIGURE 5.8: The complete reaction profile and optimized geometric config-

urations of various states for WGS reaction via OH-assistive mechanism on
Au@AIN.

with Au@QAIN, Cu@AIN as well shows fairly good catalytic activity with energy
barriers (0.21 eV and 0.11 eV) slightly higher than Au@AIN as shown in Fig5.9,
indicating the workability of the mechanism over relatively economical Cu-SACs
too. The energy barriers for other considered M@QAIN (M=Ni, Pd, Pt, Ag) ranges
in 0.56 eV to 1.04 eV for first barrier and 0.18 €V to 0.56 €V for second barrier,
respectively.

From the above discussion, inference could be drawn that, overall, the OH-assistive
mechanism of WGS reaction is more probable as compared to formate mech-
anism and Au@AIN and Cu@AIN could potentially be a worthy candidate for

all-important WGS reaction, preferring OH-assistive mechanism of the reaction.
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FIGURE 5.9: The complete reaction profile and optimized geometric config-

urations of various states for WGS reaction via OH-assistive mechanism on
Cu@AIN.

5.4 Validating the CI-NEB Results

The adsorption/co-adsorption strength of the reactants with the catalyst is a cru-

cial parameter affecting the overall performance of the catalyst. According to

99



Chapter 5: Water-Gas Shift Activity of Transition Metal SACs

the Sabatier principle, the interaction of reactants with the catalyst should be
optimum in order to design an efficiently practical catalyst as if the interaction
of reactants is too weak, the catalyst will not be able hold the reactants during
the breaking and making of bonds process, and if the interaction is too strong,
the catalyst will not be able to release the products formed after the reaction ef-
ficiently. So, the overall reaction performance of a catalyst is greatly influenced
by the how the catalyst interacts with the catalyst. So, to analyse and validate
the activation energy results of the WGS reaction via OH-assistive mechanism
over M@QAIN, we plot a relationship between the activation energy of the RDS,
i.e., formation of COOH complex from the co-adsorbed CO-OH molecules and the
co-adsorption energy of CO+OH molecule as presented in Fig5.10(a). The fairly
linear relationship between activation energy and co-adsorption energy of CO-OH
molecule, thus validate the performance of M@AIN SACs.

Although, the interaction energy is a good parameter to judge the performance
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FIGURE 5.10:  Relationship between (a) activation energy (E,) and co-
adsorption energy of CO-OH molecule on M@QAIN and (b) activation energy
(Eq) and 4, for MQAIN.

of the catalyst, but first B. Hammer and J. K. Norskov and later S. Bhattacharjee
at al., designed and developed a model viz., for predicting the chemical activity
of TM-based catalyst by analyzing the electronic properties of the catalyst via
an electronic reactivity descriptor like d-band center(g4), by analyzing projected

density of states of d-orbitals of TM and is calculated as

[FF(B-Ep) Do (B)dE
[5F Do (B)dE

Ed =

Where Dy, (E)dE (o =1,]) is the DOS projected on the d-states of Co atom, E
is the energy and E is the Fermi energy of the system[43-45].
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The ¢4 represents an average energy of d-band and it retorts the interaction be-
tween reactants and TM-based catalyst. The g4 values suggests that the far-
ther(closer) the ¢4 from the fermi level, there are a smaller(larger) number of
empty anti-bonding states of TM available to take part in interaction, resulting in
weaker(stronger) interaction with the reactants, thereby suggesting faster(slower)
reaction possibility[46]. Thus, we plot the relationship between activation energy
and g4 values as shown in Fig5.10(b), and remarkably good linear nature exhib-
ited by the plot, with lowest value of €4 for Au@QAIN in fine agreement with lowest
value of activation energy for the same, and also the trend remaining consistent,

authenticate our results of activity of M@QAIN for WGS reaction.

5.5 Feasibility of the Reaction

In any catalytic reaction, along with the activation energy (E,), the reaction energy
(ERr), which is the energy difference between initial and final state, is also a critical
parameter to gauge the catalyst performance, as it gives an indication about the
thermicity of the reaction like if the energy of initial state is higher(lower) than the
energy of final state, the reaction would be exothermic(endothermic). A common
energy profile of an exothermic reaction is presented in Figh.11(a), to pictorially
show the two parameters. According to the energetic span model (ESM)[47, 48],
the catalytic cycle, which started from IS, require some activation energy E,, and
the cycle ends on FS, releasing Egr amount of energy. Hereon, considering the
cyclic nature of reaction, the second cycle of the reaction would start from the
energy level of F'S and not from the energy level of IS. This deliberation ensures
that the energy released (Eg) in the first cycle, can subsequently be utilized in
the second cycle to compensate the activation energy demand, and the reaction
persists without needing any external energy then. Employing this concept in
our study, as plotted in Figh.11(b), the values of E, (blue sphere) and Eg (red
sphere) for considered M@QAIN for OH-assistive mechanism of WGS reaction, it
is noticeable that for Ni/Pd/Pt@QAIN, the value of Eg is either less or nearly
equal to the E,, cramping the possibility of sustained reaction for multiple cycles.
Whereas, in the case of Cu/Ag/Au@AIN, the Eg value is significantly higher than
that of E, (especially for Au/Cu@AIN), propping the usability of Au@AIN and
Cu@AIN for prolonged period of time for an efficient and feasible WGS reaction

via OH-assistive mechanism.
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FIGURE 5.11: (a) A general energy profile for an exothermic reaction and (b) a
comparision between activation energy (E,) and reaction energy (Er) of WGS
reaction via OH-assistive mechanism on MQAIN.

5.6 Conclusion

Our study shed a light on potentiality of TM SACs, viz., M@AIN (M=Ni, Pd,
Pt, Cu, Ag, Au), towards the WGS reaction by means of DFT calculations. To
anchor the considered SACs, a 2D sheet of AIN is employed, and all possible
anchoring sites are considered, with Al-d site emerging out as preferable site for
M-atom embedding with significantly higher binding energy. The substantially
higher diffusion barrier insinuates at the stoned-stability of M@AIN, obviate the
cluster-aggregation probability, thus improving the persevering applicability. Af-
terwards, the assessment of interaction of reactants with M@AIN conveyed that
the considered SACs are adroit in capturing individual /multiple reactants concur-
rently. To examine the WGS reaction activity of M@QAIN, the formate mechanism
and OH-assistive mechanism was considered. As a whole, the OH-assistive mech-
anism over M@AIN became apparent as compared to the formate mechanism.
Concretely, the Au@AIN and Cu@AIN are recognized as optimal and peerless
candidates towards WGS reaction preferring OH-assistive mechanism, with the
activation energy of RDS is as low as 0.14 eV and 0.21 eV, respectively. The linear
nature between E, and E,;(CO+OH) and E, and &4 authenticate our reaction
mechanism findings. Moreover, according to energetic span model, the compari-
son between E, and reaction energy (Eg) ascertains the feasibility and expediency
of Au@AIN and Cu@AIN towards WGS reaction. Ergo, our research provides an
extensive computational path of scheming an efficient and practicable SACs for
WGS reaction.
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