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Carbon dioxide activation and transformation to
HCOOH on metal clusters (M = Ni, Pd, Pt, Cu, Ag &
Au) anchored on a polyaniline conducting polymer
surface — an evaluation study by hybrid density
functional theory7y

Ramasamy Shanmugam,®® Arunachalam Thamaraichelvan,”
Tharumeya Kuppusamy Ganesan® and Balasubramanian Viswanathan*®

Developing new efficient catalysts for the electrochemical reduction of carbon dioxide to formic acid is
important in the process of mitigating environmental CO,. In the present work, we have designed metal
(M) clusters anchored on a polyaniline (PANI) conducting polymer electrode (M@PANI), where, M = Nj,
Pd, Pt, Cu, Ag & Au, and evaluated their potential catalytic activity towards CO, reduction by means of

computational hydrogen electrode using hybrid density functional theory methods. The predicted
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which retains its conducting property with enhancement. The modified electrodes favour the formation
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Introduction

In recent years, renewable energy sources have received
immense attention due to their utility in the electrochemical
conversion of greenhouse gas, CO,, into value added chem-
icals'® which can potentially decrease the environmental
impact of CO,. CO, can produce a variety of chemicals*” among
which HCOOH is considered in the present work. Being a highly
functionalised molecule, the activated CO,™ species has been
used as a building block in fine chemical production,®® fuel
cells’** and hydrogen storage.® General electro-reduction of
CO, has been carried out on electrodes either in a direct or an
indirect manner. Although a large number of electrode>°
materials have been tried in this regard, the low efficiency of the
process needs to be improved. Special attention is required in
the choice of electrode material for the production of chosen
products from CO,. HCOOH production is feasible on certain
metal electrodes such as zinc, lead, mercury, thallium, indium,
tin, cadmium and bismuth,*** though it requires a high
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that Cu@PANI is a suitable electrode material for the CO, reduction reaction leading to HCOOH.

negative potential of about —2.0 V vs. SCE making the yield very
low. Various electrode materials were attempted in improving
the efficiency by decreasing the over potential.**™>¢

The main problem in electro reduction of CO, is the stability
of chosen electrodes. Certain electrodes are not stable both in
acidic and basic media. During the reaction, intermediate ions
in the medium can change the pH. Hence, keeping the elec-
trode for a prolonged period under stable condition is desirable.
Growing interest in using polymer supported systems has been
due to their enhanced activity in CO, transformation compared
to unsupported one.*”*® Polyaniline (PANI) as a conducting
material has special characteristics which include easy
synthesis, low cost and stability at ordinary conditions.** It plays
a vital role in many potential applications® including light
emitting diodes,** fuel cells,*” capacitor,*® super capacitor,**
selective electrode,® electrical conductivity,*® redox potential
higher than metal, corrosion-resistance®** tuneable solubility
and thermal stability.*

Composites of PANI were used in electro based sensors,* as
well as catalytic and photo catalytic reactions.*"** Recent reports
reveal that a multifunctional catalyst exhibits better activity in
CO, fixation reactions.**** CO, reduction involves electron
addition in the first step followed by addition of proton, and
then a series of proton, electron and a couple of proton and
electron. All these reaction steps are competitive and control the
product formation and selectivity. Under these conditions,
a suitable catalyst must change its role according to the nature
of the substrate. However, this does not happen in the most
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routinely used catalytic systems. Therefore, designing a catalyst
with multifunctional activity is desired. PANI can serve as
a better candidate in such reactions, since it can either uptake
or release electron and proton® by altering its structural form.
In addition, it can provide a good support in stabilising the
metal nanoparticles.*® Sulfonated PANI has found application
in CO, sensing.*” Moreover, PANI is used in hydrogenation of N,
and CO, under electrochemical conditions.**** Metals like Ni,
Pd, Pt, Cu, Ag, and Au serve an electrodes in most of the electro
reduction reactions of CO,.>* Small quantities of metals are
preferred due to their availability and cost. Generally, pure
forms of Ni, Pd, Pt, Cu, Ag, and Au are not useful in the
production of HCOOH due to CO positioning and their
tendency to form other hydrogenated products.”* However,
suitably modified metal electrodes are performing better
activity towards HCOOH formation with lower negative poten-
tials.'»?»?32651-53 Nj coated PANI has been used in sensors® and
absorption Pd-PANI/carbon nanotube
composite has better catalytic activity towards conversion of
CO, to HCOOH.*® Platinum and its based alloys supported on
PANI electrode were used in oxidation of glycerol.** Copper
polypyrrole electrode was employed in CO, reduction under
high pressure conditions.”” PANI protected Ag behaves as
a good electrode in oxidation of hydrazine.*® Gold-PANI nano-
composite has performed better in electrochemical reduction of
oxygen than other counterparts.® These reports reveal that
metal @PANI systems have a significant role in electrode
mediated reactions. Hence, designing and evaluating the
activity of a suitable electrode with multiple functionality
involving metal-PANI system for CO, reduction reaction is more
trustworthy.

The present work aims to probe as catalyst, the electrodes
made of metal clusters anchored on PANI as polymer support,
towards CO, reduction leading to HCOOH by employing hybrid
density functional theory methods.

of microwaves.>®

Molecular models

The model used for the study was constructed as follows: (i) the
structure of metal cluster with M5 unit, where, M = Ni, Pd, Pt,
Cu, Ag & Au studied extensively in literature,®** was chosen. (ii)
An oligomer of PANI, which consists of 3 units of aniline was
used to mimic the polymeric site. (iii) Subsequently, the metal
M, unit was placed on the terminal of oligomer at the N site and
is referred to as M@PANI. This configuration was considered
for further study.

Computational techniques

The geometry optimization of pure M@PANI and those with
adsorbates were performed at B3LYP level of hybrid density
functional theory using a basis set of LANL2DZ for metals and 6-
31G* for other elements. Since, the configurations of M@PANI
are present in the ground state, the total spin value of 1 for Ni,
Pd & Pd and 2 for Cu, Ag & Au models were assigned respec-
tively. Using the same level of theory, vibrational frequencies
were calculated to identify whether the obtained configuration
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is either a stationary point or transition state on the potential
energy surface. The binding energy of M@PANI clusters was
obtained using the formula of BEy; = Emgpeant — Em — Epant
where, Eyi, Em@pant; and Epay; are total zero point energy (ZPE)
corrected electronic energy of metal cluster, metal PANI and
pure PANI respectively. For the adsorbates the binding energy
was calculated by, BE,qs = Eadsorbatetm@pant — Ema@pant —
Eadsorbate where, ECuadsmbamM@PAle EM@PANI and Eadsorbate are zZero
point energy corrected electronic energy of Cuagsorbate+m@paN
M@PANI and adsorbate respectively. Ab initio molecular
dynamics (AIMD) simulations were performed by using the final
configurations obtained in the geometry optimisation as the
initial structure. The ab initio Born-Oppenheimer molecular
dynamics at B3LYP/LANL2DZ level was employed to find the
stability of the electrode. Natural Bonding Orbital (NBO) anal-
ysis was carried out using NBO 3.1 (ref. 66) software imple-
mented in Gaussian 09. Computational hydrogen electrode
method®* was applied to analyze the free energy of reaction
pathway. For an elementary reaction, A* + (H' + e~) — AH*, the
free energy is defined as, AGy* _ ap*(U) = Gan® — Ga* — 0.5Gy, +
ne(U) where, the terms G, n. and U represent free energy,
number of electrons and an applied potential respectively. All
these quantum mechanical calculations were carried out using
Gaussian 09 software package.” Density of States (DOS) and
Partial Density of States (PDOS) were plotted using GaussSum
software.”

Results and discussion
Structural models designed for M—-PANI

The metal cluster anchored on oligomer model of M-PANI,
considered for the examination is depicted in Fig. 1. Studies on
M, (M = Ni, Pd, Pt, Cu, Ag & Au) clusters are extensively avail-
able in literature.®** The M; clusters anchored on oligomer
containing three units of aniline are represented in Fig. 1a-f
respectively.

The metal clusters were anchored through metal-nitrogen
sigma bond. The structural parameters of M@PANI are pre-
sented in Table 1.

The observed bond distances of M-N reveal a slight variation
compared to those observed in complexes.””* This is attributed
to the cluster nature of metal instead of being a single atom
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Fig.1 Optimised geometries of M@PANI, where M is (a) Ni, (b) Pd, (c)
Pt, (d) Cu, (e) Ag and (f) Au respectively.
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Table 1 Binding energy (AE) eV, bond angle (6)°, bond length (i) A and
bond order for M@PANI

0 (°) 1 (A) Bond order
M AE (eV) C-N-M C-N N-M N-M
Ni —2.25 108.71 1.37 1.86 0.745
Pd —1.48 110.31 1.35 2.08 0.715
Pt —3.83 110.96 1.34 2.03 0.674
Cu —1.83 119.99 1.36 1.95 0.652
Ag —1.07 121.02 1.38 2.16 0.739
Au —1.72 131.26 1.34 2.11 0.478

which causes electronic and steric repulsion with the oligomer
unit. Furthermore, the bond order of M-N experiences
a gradual decrease from Ni to Au with the exception being Ag,
where an increase in observed. Pure clusters of all metals have
pentagonal bipyramid structure (ESI S1t). On anchoring, the
geometry of metal clusters for Ni, Pd and Pt was found to
become distorted cube. However, Cu and Ag exhibited pentag-
onal bipyramid geometry while Au revealed distorted
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Fig. 3 Density of states of pure PANI.

pentagonal bipyramid geometry. This structural distortion
reveals the strong interaction of the metal with the conducting
polymer. The data for the angle, C-N-M are presented in Table
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Fig. 2 Frontier molecular orbitals of (a) pure PANI and M@PANI where M is (b) Ni, (c) Pd, (d) Pt, (e) Cu, (f) Ag and (g) Au respectively with their

energies.
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Fig. 4 PDOS of pure metal clusters (a) Ni, (b) Pd, (c) Pt, (d) Cu, (e) Ag and (f) Au.

1, reveal that the cluster is located approximately in a triangular
fashion which is seen above the polymer plane. The binding
energy between metal and PANI shows a negative value and
predict that the anchoring of metal clusters on PANI is a ther-
modynamically feasible process. The order of binding energy for
different metals is found to be Pt > Ni > Cu > Au > Pd > Ag. That all
the computed infrared frequencies are positive, predicts that the
configurations are at stationary points in the potential energy

100832 | RSC Adv., 2016, 6, 100829-100840

surface. Furthermore, the stability of metal-PANI is characterised
by means of ab initio Born-Oppenheimer molecular dynamics
(BOMD) method which is presented in ESI S2.7

Frontier molecular orbital (FMO) and electronic structure
analysis

The conducting nature of PANI is mainly controlled by its
orbital energy density of HOMO and LUMO and the position

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Partial density of states of M@PANI where M is (a) Ni, (b) Pd, (c)

where it is located. While anchoring of metal cluster on PANI
may perturb the frontier molecular orbitals of PANI, it helps to
locate at specific sites on M@PANI and control of electron
transfer processes. Frontier molecular orbital (HOMO and
LUMO) contours of pure and M@PANI are depicted in Fig. 2.
The HOMO and LUMO of pure PANI spread over 7 bond
between C-H and nitrogen, in a symmetric manner. The FMO
analysis of M@PANI reveals that, anchoring of metal cluster

This journal is © The Royal Society of Chemistry 2016

-5 0
Energy (eV)

Pt, (d) Cu, (e) Ag and (f) Au respectively.

shifted the HOMO and LUMO orbitals. In Ni, Pd and Pt, the
HOMO comprises of orbitals located on metal, the w-CH and
nitrogen. Compared to pure PANI, the shift of HOMO was
observed in the -CH which is present adjacent to the metal
cluster. The same trend was observed in LUMO also. It is
interesting to note that the shift was not similar in Pt and Pd.
While the HOMO is distributed all the metal atoms in the
cluster, in Pd, it is concentrated on the metal atoms nearer to

RSC Adv., 2016, 6, 100829-100840 | 100833



RSC Advances

'Y
“.’ ] aQ 2
.‘ 2 "\‘.
-/ : o ¥
Y sy @ b
: 3300 N s
AR o Koovon
= 9
j‘f 9 9 ?
‘D
.)1‘.,, 0 a2
2, e
) 229 ,, e 9o
\ ,j‘ 9 59 R0 be 0
‘)‘ -9 99 Qo9 9
PPTas S e’
R R )
°
39 ° ®
N ;’ e ) «,i‘&,,&‘;
v . 9
T S T N R e
2 ﬂ-\‘)\a = 2979
}A > 9 9

Fig. 6 Geometry optimized configurations of CO, on M@PANI
where M is (a) Ni, (b) Pd, (c) Pt, (d) Cu, (e) Ag and (f) Au respectively.

the aniline molecule of PANI in Pt. In Pt and Pd, the orbitals
observed are denser than in Ni and are as dense as in pure PANI.
In contrast to this, the HOMO in Cu@PANI is mostly on PANI
and LUMO is centred on Cu. On moving to Ag system, the
HOMO levels gradually increase their presence on Ag and the
LUMO moves gradually towards PANI. On Au, the HOMO was
completely shifted to metal site and the LUMO was located on
PANI's site. The participation of metal orbitals in the HOMO
population is in the order, Pd > Pt > Ni > Au > Ag > Cu. The order
appears to be influenced by the valency and size factors of the
metals. While higher valence state leads to greater electron
population of HOMO, the atom with larger size contributes
more among a given group of elements. The perturbation of
HOMO and LUMO is due to the electron releasing nature of the
metal which is influenced by the arrangement of atoms in the
clusters.

In general, individual metal and PANI reveal conducting
behaviour. Anchoring of metal on PANI alters the conducting
property of the polymer. It is essential to know the electronic
properties of M@PANI in a detailed manner for better under-
standing of its conducting properties. Density of states of
pure PANI, pure metal clusters and M@PANI are presented in
Fig. 3-5 respectively. The values corresponding to HOMO and
LUMO are presented in Fig. 2. In pure PANI (Fig. 3), the DOS is
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made up of s and p orbitals. The HOMO and LUMO contours in
PANI reveal that in Ni, Pd & Pt catalyst same atom contributes to
both the HOMO and LUMO. However, in Cu, Ag & Au, the
HOMO & LUMO are centred in different regions. Hence, the
HOMO and LUMO overlap with a minimum gap leading to
metal like conducting behaviour of PANI.”® Typically, metals are
good conductors, though the conducting property may change
at nano level. The PDOS of pure metal clusters (Fig. 4) suggests
that the metallic behaviour may be due to the population of
mainly d orbital rather than s and p orbitals. Further, the
orbitals in PANI are overlapping with valance and conduction
bands of metal clusters from (a) to (f) (Fig. 5). PDOS of M@PANI
reveals that there is no energy gap window upon anchoring of
metal on PANI near HOMO-LUMO region. This result suggests
that the M@PANI still retains it conducting behaviour. Since the
energy gap between HOMO and LUMO is inversely proportional
to the reactivity of the material, the order of any reaction that
depends redox property may be in the order Cu > Au > Ag > Pt >
Pd > Ni.

Adsorption of CO, on PANI

M@PANI is in a heterogeneous environment consisting of
a polymer and metal cluster unit, the interaction of CO, with
polyaniline site has been predicted to be predominately phys-
ical adsorption.”” Hence, the interaction of CO, at PANI site was
not taken into account and the metal site alone was considered
for CO, interaction. Such an interaction may be through various
coordination modes through carbon, oxygen and combined
forms are possible.”® Among the different modes, the metal-
carbon bond via CO, bent mode was considered for activation
of CO,. The configurations of CO, interaction with M@PANI for
different M atoms after energy minimisation are presented in
Fig. 6. The binding energy and structural parameters for the
above interactions are presented in Table 2.

Data on binding energy reveal that except for copper, all
other clusters weakly hold CO, on their surfaces. On the other
hand, the structural features of adsorbed CO, on Cu@PANI
resemble that of pure CO, though the binding energy reveal that
CO, is adsorbed through chemisorption mode. A similar trend
is observed in Pd and Pt too. However Ni, Pd and Pt clusters
remarkably play a vital role in altering the bond angle of CO,. As
seen in the table, the angle of CO, is decreased from 180° to
about 34.93°, 28.78° and 33.18° on Ni, Pd and Pt clusters

Table 2 The calculated adsorption energies (E,qs. €V), structural parameters and NBO charge (|g]) of CO, on M@PANI
Bond order Bond length (A) lq|
Angle (°)
E.qs 0-C-O0 Cc-O0 C-O0 C-O0 C-O0 C-N M-N M-N-C C (o) o

CO, 180 2.000 2.000 1.16 1.16

Ni —0.70 145.07 1.728 1.437 1.20 1.25 1.37 1.85 106.80 0.798 —0.555 —0.588
Pd —0.20 151.22 1.577 1.823 1.22 1.19 1.35 2.07 110.08 0.848 —0.567 —0.535
Pt —0.27 146.82 1.437 1.840 1.25 1.19 1.34 2.04 111.09 0.469 —0.356 —0.358
Cu —1.23 179.54 1.816 2.031 1.17 1.16 1.36 1.95 118.95 1.082 —0.514 —0.478
Ag —-0.19 179.78 1.867 2.037 1.17 1.16 1.35 2.18 120.76 1.072 —0.523 —0.488
Au —0.06 178.87 1.942 1.981 1.17 1.16 1.34 2.11 131.67 1.067 —0.537 —0.499

100834 | RSC Adv., 2016, 6, 100829-100840
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Table 3 Calculated vibrational frequencies of CO, on M@PANI (cm™?)

O-C-

O asymm stretching C-O symm stretching

1927 1186
2057 1225
2009 1187
2424 1364
2425 1367
2429 1371

PP = Iy ) ,$,J
92390952 % ote
9

Fig. 7 Geometry optimized configuration of HCOO on M@PANI
where, M in (a) Ni, (b) Pd, (c) Pt, (d) Cu, (e) Ag and (f) Au respectively.

respectively. The NBO charge analysis indicates that two types
of charge transfer take place, the first being from metal onto
CO, with values of, —0.345qg, —0.254q and —0.245q on Ni, Pd

RSC Advances

and Pt respectively in the M@PANI. The second type of electron
transfer from CO, to M where, a positive charge is observed on
CO, due the weaker adsorption. The corresponding charges are
Cu(0.099), Ag(0.061g) and Au(0.031¢g) on M@PANI. The negative
charge transferred from M@PANI to CO, alters its bond angle
leading to structural changes. Similar structural changes are
observed in pure metal clusters also. The angles for O-C-O
bond found in Pd and Ni are smaller than those in other
M@®PANI and for Ni, it is 6.15° lower than those for Pd and Pt
indicating that in Ni, the metal-polymer support interaction
predominates. Thus, the polymer support helps only to stabilise
the cluster in the new geometry rather than in free form
geometry. In general, during the interaction, the adsorbate will
be able to change the geometry of the adsorbent. The calculated
values of M-N bond length and M-N-C angle for the different
metals after interaction are presented in Table 2. The values
resemble those observed in pure M@PANI indicating that, even
after interaction with adsorbate, the configuration of the
adsorbent was not changed. Thus, the M@PANI system is stable
under the reaction conditions. All the computed frequencies of
CO, adsorbed on M@PANI are positive revealing that the
configurations are on the stationary points in the potential
energy surface. Selected vibrations of CO, are presented in
Table 3.

Adsorption of HCOO* species on M@PANI

Subsequent to the interaction of CO, with M@PANI, a proton
and an electron in the medium attach to the species to produce
either formate (H*COO) or *COOH species leading to two
pathways for HCOOH formation. The further stability of the
species is controlled by the strength of adsorption strength thus

Table 4 The calculated adsorption energies (E,qs, €V) and structural parameters of HCOO* and COOH* species on M@PANI

Eags Bond length (A)
Angle (°)

M HCOO COOH 0-C-0 C-H C-O0 C-0 C-N M-N M-N-C
CHOO 113.15 1.10 1.25 1.25 — — —
Ni —-9.13 —-7.13 127.10 1.10 1.26 1.26 1.41 1.98 121.49
Pd -3.09 —-3.15 131.08 1.18 1.21 1.28 1.35 2.05 111.00
Pt —-3.23 —2.71 121.42 1.09 1.25 1.28 1.33 2.06 111.74
Cu —2.99 —1.23 128.52 1.10 1.26 1.26 1.33 1.96 133.86
Ag —2.61 —1.14 129.94 1.10 1.26 1.26 2.23 1.33 133.37
Au —2.61 —2.14 124.63 1.10 1.27 1.25 1.33 2.08 128.65
Table 5 Calculated vibrational frequencies of HCOO on M@PANI (cm™)

C-H C-0 C-0 0-C-0 C-H C-H
M out of plane bending symm Sstr. asymm Sstr. scissor in plane bending stretching
Ni 1053 1389 1631 766 1407 3061
Pd 946 1195 1820 763 1328 2057
pt 1037 1387 1615 798 1324 3076
Cu 1047 1374 1630 767 1408 3018
Ag 1048 1367 1640 756 1412 2961
Au 1047 1380 1634 795 1343 3012

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Geometry optimized configuration of HCOOH on M@PANI
where M is (a) Ni, (b) Pd, (c) Pt, (d) Cu, (e) Ag and (f) Au respectively.

making available the species for the reaction. The optimised
geometries of the formate on M@PANI site are shown in Fig. 7.
The binding energy and structural features of the optimised
HCOO on M@PANI are given in Table 4. The values for H*COO
and *COOH are negative indicating the thermodynamic feasi-
bility of formation of both the species. The fact that the H*COO
species has greater binding energy than *COOH reveals that
H*COO species is preferably adsorbed compared to *COO and
cover the active site predominantly to enter into further
reaction.

The formate species is adsorbed mainly through two oxygen
atoms via the bridge bidendate mode. However, in Pd, the

Paper

HCOO is held via bridge bidendate mode not by two oxygen
atoms but connected via H-Pd on one side and through O-Pd
on the other side with a distance of 1.93 A and 2.08 A respec-
tively. It is interesting to observe this bridge on Ni, Cu and Ag
with two metal atoms, while in Pt and Au, single metal site
forms the bridge with both oxygens. The bond length of C-H
and C-O are more or less similar to those observed in free
HCOO species. The data indicate that the two C-O bonds in
HCOO exhibit double bond character. Alteration of bond length
in the symmetric one requires more energy than that for the
asymmetric one. Hence, there is not much change observed in
C-O bond. The angle at carbon of O-C-O was greatly influ-
enced, which is attributed to the formation of bridge for the
adjustment of coordination between the two metal atoms which
are located at a distance greater than that of O-O distance in
HCOO. During the interaction, the structural features of inter-
face between the metal and PANI are slightly modified. This
reveals that the interface facilitates the interaction with adsor-
bate in a flexible manner. To verify whether this mode of
adsorption of formate is in the stationary point, the vibrational
frequencies were calculated. All the values, except for Au, are
positive which indicate that except Au, all are located on
stationary points and Au is present in the transition state. The
characteristic vibrations for the CHOO obtained from the
computations are presented in Table 5. The frequency data
reveal that there is a small difference among the values of
vibrational modes of various M@PANI systems which is metal
dependant.

Table 6 The calculated adsorption energies (E,qs, €V) and structural parameters of HCOOH* on M@PANI

Bond length (A) Angle (°)

M Eags M-H*COOH C-H O-H C=0 C-0 C-N M-N M-N-C 0-C-O0
Ni —1.38 1.92 1.09 0.97 1.27 1.33 1.37 1.88 91.53 123.05
Pd —0.54 2.16 1.10 0.97 1.27 1.38 1.35 2.07 111.51 120.06
Pt —0.58 2.19 1.09 0.97 1.27 1.35 1.34 2.04 111.23 121.87
Cu —-0.39 2.09 1.09 0.98 1.22 1.32 1.36 1.89 130.44 123.84
Ag —0.46 2.44 1.09 0.98 1.21 1.32 1.36 2.19 118.55 124.23
Au —-0.76 2.37 1.09 0.97 1.22 1.32 1.37 2.02 129.81 123.72
Table 7 Calculated vibrational frequencies of HCOOH on M@PANI (cm™h

C-H C-H C-OH O-H C-H
M  outof plane bending C=Ostr. O-Hstr. C-Hstr. + OH in plane bending  str. out of plane bending  in plane bending
Ni 867 1554 3670 3149 1299 1096 529 1354
Pd 892 1493 3676 2971 1260 1059 532 1313
Pt 930 1550 3670 3130 1313 1113 547 1347

C-H C-H OH in plane O-H C-H
M  out of plane bending C=O str. O-Hstr. C-Hstr. + OH in plane bending bending out of plane bending in plane bending
Cu 1066 1778 3649 3152 1194 1361 721 1408
Ag 1065 1792 3652 3137 1186 1351 720 1416
Au 1066 1769 3646 3155 1194 1361 723 1412
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Fig.9 Schematic representation of electrochemical reduction of CO,
via different reaction pathways to formic acid.

Adsorption of HCOOH on M@PANI site

For the elucidation of the most stable adsorption site for
HCOOH on M@PANI, HCOOH was placed on metal and
allowed for full relaxation. The final configurations obtained are
depicted in Fig. 8. HCOOH on M@PANI (M = Ni, Pd & Pt) is
independently located. On Ni, HCOOH is coordinating via
bidendate mode through O and H of C=0 and O-H respectively
with two adjacent metal atoms. However, monodentate coor-
dination of HCOOH is observed on Pd through C. In the case of
Pt, only a monodentate coordination was observed through O of
C=0 to the metal. In contrast to the above, HCOOH is held on
Cu, Ag and Au through monodentate coordination from O of
C=0 perpendicular to the metal cluster. The distance between
the HCOOH and M reveals that instead of a typical bonding,
a weak interaction operates and hold the molecule onto the
metal site. The binding energy and structural features of
M@PANI are given in Table 6. That the HCOOH has a tendency
to get adsorbed spontaneously on the metal site is revealed by
the data. Ni@PANI has the maximum binding energy compared
to other M@PANI systems. On adsorption, the M-N and C-N
distances remains constant and are comparable to the values in
pure form which indicates that the structure is stable. The
stability of the cluster was further evaluated by means of
frequency calculation. All the vibrational frequencies returned
positive values thus predicting that the resultant configuration
is present in one of the energy minima in the potential energy
profile. Furthermore, selected vibrations related to HCOOH are
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tabulated in Table 7. The frequencies for Ni, Pd and Pt return
lower frequencies than those of Cu, Ag and Au systems.

Electrochemical reduction of CO, to HCOOH

The electrochemical transformation pathway of CO, to HCOOH
proceeds through the following steps:*® (i) the gaseous CO, is
coupled with an electron available in solution to form CO,~
species, which is further adsorbed on the metal site. Subse-
quently, the reaction proceeds via two possible path ways: (ii-a)
since the surface species has negative charge on O, the available
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Fig. 10 Calculated Gibbs free energy profile without (U-black lines),
and with applied potential (U -red lines) for CO, electroreduction to
HCOOH through formate pathway on M@PANI where M = (a) Pd, (b)
Pt, (c) Cu, (d) Ag, and (e) Au.
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proton in solution reacts to form COOH* species in the adsor-
bed state (carboxylate pathway). (ii-b) Contrary to (ii-a), H + e~
in the solution attack the carbon of CO,  to form adsorbed
HCOO™ species (formate pathway). (iii) Further addition of a H"
+ e couple to COOH or HCOO™ leads to HCOOH finally. The
above scheme is presented in Fig. 9. As seen from the binding
energy data, Ni@PANI exhibits greater binding energy than
other M@PANI systems and the values are more negative indi-
cating that the active site is positioned and will not easily be
regenerated for further reaction. Hence, metals other than
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Fig. 11 Calculated Gibbs free energy profile without (U-black lines),
and with applied potential (U, -red lines) for CO, electroreduction to
HCOOH through carboxylate pathway on M@PANI where M = (a) Pd,
(b) Pt, (c) Cu, (d) Ag, and (e) Au.
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Ni@PANI were included in the electrochemical reduction of
CO,. The calculated Gibbs free energy profiles of CO, to
HCOOH conversion through formate and carboxylate pathways
are presented in Fig. 10 and 11 respectively.

Reactions of CO, + H' + e~ — HCOO~ and HCOO™ + H' +
e~ — HCOOH, on M@PANI have an uphill step with an energy
barrier (Fig. 10) of 0.88 eV, 0.85 eV, 0.48 €V, 0.71 eV and 0.58 eV
for the metals of Pd, Pt, Cu, Ag and Au respectively at an applied
potential of 0 V. It is interesting to note that the energy barrier is
independent of metals which reveal that the reaction step in Pd,
Pt and Cu is HCOO to HCOOH and, in Ag and Au, CO, to COO™
are the rate determining steps in CO, to HCOOH
transformation.

In carboxylate reaction path, the calculated energy barriers
(Fig. 11) for the step CO, + H' + e~ — COOH are 1.06 eV,
0.53 eV, 1.72 €V, 1.80 eV and 0.68 eV respectively for Pd, Pt, Cu,
Ag and Au on PANI. For Pd and Pt, COOH to HCOOH and, in Cu,
Ag and Au, CO, to COOH are the rate determining steps
respectively in the reduction of CO, to HCOOH.

A comparison of the energy barrier values suggests that
metal on PANI plays an important role in controlling the rate
determining step and also the reaction pathway. For PA@PANI,
Ag@PANI and Au@PANI, energy barrier for the formate path
way is less compared to that of the carboxylate route. In contrast
to this for Pt@PANI, the carboxylate route has lower barrier. The
reaction barrier can be moved further downhill by means of
applying extra potential (limiting potential). The required
limiting potentials correspond to the same barrier value with
negative sign. By applying this limiting potential, the energy
barrier is nullified and the reaction proceeds in the forward
direction. The order of over potential to be applied on M@PANI
for CO, to HCOOH transformation is found to be: Cu <Au <Ag <
Pt < Pd. This observed activity is mainly controlled by the
HOMO-LUMO gap of the M@PANI systems. The HOMO-LUMO
gap of the M@PANI follows in the order of Cu > Au > Ag > Pt >
Pd. This result indicates that higher the HOMO-LUMO gap
favour in lowering of the over potentials.

Conclusion

In the present work, we have explored the activation and
transformation of CO, to HCOOH on the catalytic metal
cluster sites anchored on polyaniline support by employing
DFT/B3LYP level of theory. Binding energy reveals that
anchoring of metal cluster on PANI is thermodynamically
feasible. The frontier molecular orbital analysis of the catalyst
predicts the order of HOMO-LUMO gaps for different metal
atoms to be Cu > Au > Ag > Pt > Pd, which reveals the order of
reactivity as Cu < Au < Ag < Pt < Pd. Data on PDOS reveal that
M@PANI retains the conducting behaviour of and involve-
ment of d orbitals too. Calculation of vibrational frequencies
of the adsorbed configurations indicates their stability due to
the presence in energy minima. Geometry optimisation and
electrochemical reduction studies for the carboxylate and
formate pathway revealed that the formate pathway is fav-
oured on M@PANI. Among the different metals, Cu appears to
be most preceded one.

This journal is © The Royal Society of Chemistry 2016
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