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CO, activation on Cu-based Zr-decorated
nanoparticlest
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Density functional theory (DFT) calculations have been applied to investigate the electronic and CO, ad-
sorption properties of 55-atom Cu-based nanoparticles (NPs) decorated with Zr atoms (Cuss_,Zr,, x = 0-
12). Our results revealed that the Zr atoms preferably reside on the surface of the Cu NPs generating sites
that chemisorb and activate CO, (linear to bent geometry and elongation of C=0O bonds). Importantly, we
demonstrate that while the CO, formation of the activated state on the Cu NPs is endothermic, it becomes
barrierless and exothermic on the Zr-decorated NPs. The CO, activation and chemisorption was attributed
to charge transferred from the NPs to the CO, molecule. We identified the local-site d-band center and,
interestingly, the ionization potential of the NP as descriptors correlating with the CO, chemisorption. As a
result, we demonstrate that one can tune the ionization potential of the NPs and, in turn the CO, chemi-
sorption energy, by varying the Zr content of the NPs. Additionally, we investigated the activity of CuZr NPs
as catalysts for CO, dissociation to CO and determined that Cus4Zr was a very efficient catalyst compared
to Cuss. Overall, this work highlights how surface decoration can change the electronic properties of the
NPs and result in CO, activation, which are important steps for designing catalysts that capture and convert

rsc.li/catalysis COs; to fuels and chemicals.

Introduction

Fossil fuel combustion has significantly led to elevated levels
of carbon dioxide (CO,) in the atmosphere, which in turn
contributes to global warming through the greenhouse effect.
Catalytic conversion of CO, to valuable products is of signifi-
cant interest as a method to alleviate the effects of CO, on
our environment."* The high thermodynamic stability of CO,
limits its application in the chemical industry to a few pro-
cesses including the synthesis of urea and carbonates.”* How-
ever, the abundance and low-cost of CO, makes it an attrac-
tive carbon source to investigate its direct chemical
transformation to other important products such as methanol
(CH;0H), formic acid, hydrocarbons, and carbon monoxide
(co).”

Atomic hydrogen serves as a highly reactive reducing spe-
cies to convert CO, to relevant chemicals and fuels in hydro-
genation reactions.®”® The direct dissociation of CO, to pro-
duce CO (CO, — CO* + O*) can occur even in the absence of
reducing species on transition metal (TM) surfaces.'®™> Prior
to its dissociation, CO, can exist in a bent state (activated
state) on the catalyst surface.">'* This activated state is the
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result of charge transferred from the metal catalyst to the
CO, molecule, which in turn results in the elongation of the
C=O0 bonds and decrease in the O=C=0 bond angle (linear
to bent mode)."*"® Spectroscopic studies have been instru-
mental in our understanding of CO, activation by identifying
the formation of activated CO, on Ni(100) and K-doped
Rh(111) surfaces prior to its dissociation.">'® In addition,
theoretical investigations of CO, activation have been
assessed on several metal and metal oxide catalysts.'®'"*%*7
In our recent DFT computational study we investigated the
CO, adsorption on CuNi nanoparticles (NPs).'"®* We found
that NPs with surface Ni atoms strongly adsorbed CO, and
that this chemisorption was accompanied by significant
charge transfer to the CO, molecule leading to its
activation.®

Focusing on CO, conversion to CH;OH, CO, is contained
in the syngas mixture (CO,/CO/H,) used for the industrial
production of CH;OH on Cu/ZnO/Al,O; catalysts."® Experi-
mental and theoretical studies have shown that CO, serves as
the primary carbon source for the industrial synthesis of
CH;0H.?>*" The active sites for CO, and CO hydrogenation
on the industrial catalyst have been identified as a Cu
stepped surface decorated with Zn atoms: a CuZn(211) sur-
face.”> CO and CO, hydrogenation intermediates were shown
to exhibit increased adsorption strength and decreased bar-
riers towards CH3;OH synthesis on CuZn(211) compared to
the Cu(211) surface. The authors hypothesized that Zr, which
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has a similar oxophilicity to Zn can result in a similar adsorp-
tion behavior as observed with the decoration of Zn atoms on
the surface of Cu(211).>* In addition, experimental studies
showed higher conversion and selectivity for CH;OH from
CO, hydrogenation on ZrO,-doped Cu/ZnO catalysts com-
pared to Cu/ZnO.> Thus, it appears that the incorporation of
Zr into Cu-based catalysts results in generating more efficient
catalysts for the chemical transformation of CO,. To the best
of our knowledge, theoretical investigations into the interac-
tions of CO, on Cu-based Zr-decorated NPs (CuZr NPs) are
absent from literature.

Since the activated state of CO, is a pertinent step for CO,
conversion, it is important to identify catalytic systems
designed to adsorb and activate CO, on their surfaces, which
in turn contributes to designing more efficient CO, utiliza-
tion technologies. In this work, we performed DFT calcula-
tions to examine the adsorption, activation, and reaction of
CO, on 55-atom Cu NPs, with select surface Cu atoms being
replaced by Zr atoms to generate Zr-decorated Cu NPs. Our
work demonstrates that Zr-decorated Cu-based NPs can be
very efficient catalysts to adsorb, activate, and convert CO,. A
detailed analysis on the electronic structure and adsorption
properties of the catalyst as a function of surface decoration
is provided which aids in designing novel CO,-utilization
nanocatalysts.

Computational details

All DFT calculations in this work were performed using the
Quickstep program in the computational package, CP2K.**
The calculations implemented the revised PBE (revPBE) func-
tional and the double-¢ plus polarization (DZVP) basis set*
in combination with the Goedecker, Teter, and Hutter (GTH)
pseudopotentials®® with a 400 Ry cutoff. Grimme's DFT-D3
method®>” was used to account for dispersion interactions.
Icosahedral 55-atom Cu NPs decorated with Zr atoms,
Cuss,Zr, (x = 0, 1, 2, 4, 6, 8, 10, 12), with and without
adsorbed CO, were optimized in nonperiodic 30 x 30 x 30 A®
cubic cells until forces were less than 0.02 eV A™'. Optimized
structures were verified as ground states with frequency cal-
culations (absence of imaginary modes).

Eqn (1) was used to determine the core or shell preference
of Zr in the Cus,Zr NP. This preference is defined as the seg-
regation energy (SE) of a single heteroatom (Zr) from the core
to the surface of the host NP (Cu), where negative values indi-
cate Zr preference for the surface.

SE = E(Cu54zr(surface)) - E(Cu54zr(core)) (1)

where E(CussZr(surace)) is the total electronic energy of the
fully optimized Cus,Zr NP in which one Cu atom is replaced
by one Zr atom on the surface of Cuss, and E(CussZr(core)) is
the corresponding electronic energy for the core atom re-
placement. As shown in Fig. 1 there are two distinct surface
sites on the NP: coordination number (CN) 6, which is a cor-
ner site, and CN8, which is an edge site. The Zr atom in
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Fig. 1 55-Atom Cu NP decorated with Zr at the three coordination
sites (CN = 6, 8, 12) listed above the NP. The SE values for Zr residing
on the CN8 and CNG6 sites of the NP are listed below the NP. The Cu
atoms are colored brown and the Zr atoms are in light blue.

Cus4Zr(core) is placed in the very central core atom of the NP
which is a CN12 site.

Eqn (2) was used to calculate CO, adsorption (binding en-
ergy, BE) on the Cuss_,Zr, NPs

BE = Exp_co, = Ene ~ Eco, (2)

where Exp_co,, Enp, and Eco, are the total energies of NP with
adsorbed CO,, the isolated NP, and isolated CO, molecule,
respectively. For all CO, adsorption cases, we considered par-
allel and perpendicular adsorption configurations (see Fig.
S1t for illustrations of the adsorption configurations
considered).

The climbing image nudged elastic band (CI-NEB)
method®® was used to identify potential barriers towards CO,
activation and dissociation on the NPs. Transition states
determined from the CI-NEB calculations were further veri-
fied by frequency calculations which identified a single imag-
inary mode along the reaction coordinate. The convergence
criterion for the maximum force was set to 0.1 eV A™.
Bader® charge analysis was further employed to quantify the
charge transferred from the NPs to the CO, molecule.

Results and discussion
Zr doping of Cu NPs

The thermodynamic preference for the surface enrichment of
metal A over metal B in an AB alloy can be determined using
the segregation energy (SE) of a single impurity (heteroatom)
in a host system.>**" In order to determine the SE using eqn
(1), we placed a Zr atom on three sites of the NP as shown in
Fig. 1. Specifically, we replaced one Cu atom in the 55-atom
Cu NP at the core, edge, and corner sites, with CNs 12, 8,
and 6, respectively. We identified that Zr prefers to reside on
the surface of the NP as indicated by the negative SE values
for the CN6 and CN8 Zr-decorated structures (compared to
the energy of the central core position) shown below the NPs
in Fig. 1. Additionally, we determined that the CN6 site with
a SE of —1.88 eV is the most preferred surface site for Zr to re-
side compared to CN8 which has a SE of -1.78 eV. The prefer-
ence of Zr on the NP surface can be attributed to the larger
atomic radius of Zr (1.60 A)*> compared to that of Cu (1.28
A);** Zr resides on the surface to minimize strain effects on
the NP. Our calculated SE preference for Zr on the Cu NP

This journal is © The Royal Society of Chemistry 2017
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surface agrees with the determined SE preference for Zr on
the surface of Cu(111).**

CO, adsorption and activation on Cus,Zr and Cuss NPs

CO, can interact with TM systems in a physisorbed state,
where it retains the geometric properties of gas phase CO,,
and in a chemisorbed state, where it becomes bent (acti-
vated)."*'>'® we performed geometry optimizations of CO,
adsorbed on Cus,Zr starting with CO, at a physisorbed (~3.5
A) and chemisorbed distance (~2.0 A) from the NP surface.
The most preferential adsorption site we found in both states
was CO, interacting parallel to the edge of the Cus,Zr NP
near the Zr atom (see Fig. 2(a)). The physisorption and chem-
isorption energies were calculated to be -0.13 and -1.29 eV,
respectively. The physisorbed state retained the geometric
properties of gas phase CO, (average C=0 bond length: 1.18
A and 0=C=0 bond angle: 179.3°) while the chemisorbed
state significantly deviated from gas phase CO, (average
C=O0 bond length: 1.29 A and 0=C=0 bond angle: 126.5°).
We also assessed the transition from the physisorbed to
chemisorbed state to identify any potential barriers towards
activation given the enhanced thermodynamic stability of
CO,. As shown in Fig. 2(a), the physisorbed and chemisorbed
structures served as inputs to a CI-NEB calculation, with 6-
8 replicas, which revealed that CO, activation on Cus,Zr NP
is barrierless. In the absence of surface Zr, the adsorption of
CO, in an activated state on the Cus; NP was found to be
+0.45 eV which is unfavorable compared to the weak
physisorption of CO, on Cuss; (-0.059 eV). Weak adsorption
of CO, on monometallic Cu surfaces has also been observed
in previous experimental and theoretical studies.'**%3
Fig. 2(b) shows that the transition from physisorbed CO, to
the activated state of CO, is barrierless but endothermic.
These results indicate that surface Zr on Cu NPs can be an
active site for CO, adsorption and activation, whereas, sur-
face Cu sites are not.
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CO, adsorption and activation on Cus;_,Zr, (x = 2, 4, 6, 8, 10, 12)

Following the observed adsorption and activation of CO, on
the CusysZr NP we investigated the CO, adsorption behavior
on CuZr NPs with an increasing surface fraction of Zr atoms.
We generated the CuZr NPs by systematically replacing Cu
with Zr at all CN6 sites of the 55-atom icosahedral NP. We se-
lected CN6 as the site for Zr doping based on our SE analysis
which showed that Zr preferred to reside on the CN6 site of
the Cus,Zr NP. As shown in Fig. 3(a) we gradually replaced 2-
12 Cu atoms with Zr atoms in the NP in a symmetric manner
to investigate the effects of increasing concentration of Zr in
a Cu-based NP. CO, hydrogenation studies on Cu/ZrO, have
shown that Cu sites are favorable for H, dissociation and
Zr0, is necessary for the activation of CO,.>** Thus, from a
catalyst design perspective, our model for Zr doping of the
Cu NP with the Zr atoms being at maximum separation, max-
imizes the available Zr sites for CO, activation, while keeping
neighboring Cu sites for H, dissociation. We do note however
that there may be more stable forms of Cuss_,Zr, decoration
other than decoration on the CN6 sites (see ESIf Fig. S2 for
the case of CussZr, and corresponding CO, binding). Fig. 3(b)
illustrates CO, BE as a function of surface fraction of Zr in
the 55-atom NP. The observed CO, BE does not change sig-
nificantly with the addition of 2-6 Zr atoms on the NP sur-
face (BE range: —1.39 eV to —-1.42 eV). In contrast, we observe
a significant enhancement in the CO, BE with increasing Zr
content when 8-12 Zr atoms are added on the NP surface (BE
range: —1.52 eV to -1.80 eV). As shown in Fig. 4(a), for each
Cuss_,Zr, NP we observed activation of CO, by elongation of
the C=O0 bonds and decrease in the O—=C=—O0 angle. Fig. 4(a)
also demonstrates that the largest deviation of the geometri-
cal features of CO, compared to the gas phase occurs on the
NPs exhibiting the strongest BEs. The activation of CO, has
been attributed to the charge transferred from the d-orbitals
of the TM system to the anti-bonding orbitals of the CO, mol-
ecule.""® Therefore in Fig. 4(b) we plotted the CO, BE as a

(b)
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s +0.51 eV

Energy (eV)

Reaction Coordinate

Fig. 2 CI-NEB calculations for the physisorbed to activated state of CO, on the (a) CussZr and (b) Cuss NP. The values in red in (a) and (b) is the
change in energy (AE) from the physisorbed to activated state of CO, (AE = E,ctivated — Ephysisorbed)- The negative (red) value in (a) represents an
exothermic step, whereas, the positive value in (b) represents an endothermic step. The color code on the structure is as in Fig. 1, with the addition

of CO; (C colored gray and O red).
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Fig. 4 (a) Deviation of adsorbed CO, geometric properties from gas phase CO,. (b) CO, BE as a function of total charge on CO, for each
Cuss_,Zry (x = 2, 4, 6, 8, 10, 12) NP. The inset figure shows chemisorbed CO, on Cuy3Zri,. The color code for the inset is as in Fig. 2. The dashed

lines in (a) and (b) serve as a guide to the eye.

function of the total charge located on the activated CO,
bound to the Zr-decorated Cu NPs. We found that for each
NP case more than 0.9 |e| charge was transferred to the CO,
molecule from the NP. It should be noted that to verify that
the activated (chemisorbed) state of CO, remains barrierless
on the NPs with the high Zr content, we performed CI-NEB
calculations on the Cuy3Zr;, NP, which has the highest com-
position of Zr in our study and found that indeed, the CO,
chemisorption remains barrierless and exothermic.

Electronic properties of the CuZr NPs

An understanding of the underlying catalyst properties re-
sponsible for CO, activation is important for developing cata-
lysts with enhanced CO, conversion activity. Therefore, we
assessed the d-band center (d¢) and ionization potential (IP)
as NP descriptors for our observed adsorption trends. Ham-
mer and Nerskov have shown that the d¢ of a metal catalyst

2248 | Catal. Sci. Technol., 2017, 7, 2245-2251

can be correlated with the adsorbate BE.***” In addition, we

have previously shown that the IP of a catalyst (or equiva-
lently work function) is a good descriptor for adsorption®® es-
pecially for systems involving charge transfer (case of CO,
interaction as shown in Fig. 4(b)). In Fig. 5(a) we identified a
correlation between the CO, BE and the localized d of the Zr
atom interacting with CO, for each Cuss_,Zr, NP (see inset in
Fig. 4(b)). In the ESIt (Fig. S3), we illustrate the PDOS used to
determine the dc for each NP. It is important to note that for
Cuss_Zr, NPs with 2-6 Zr atoms on the surface we observe a
negligible change in the d¢ of the site, which in turn results
to a practically unaffected CO, BE as shown in Fig. 3(a). Con-
versely, for Cuss_,Zr, NPs with 8-12 Zr atoms the d¢ varied
more significantly and in turn, there were significant varia-
tions in the CO, BE. We also observe from Fig. 5(a) that as
we increase the Zr composition, the d¢ shifts closer to the
Fermi level (i.e. a shift closer to zero in Fig. 5(a)) which is re-
sponsible for the increasing adsorption strength of CO,.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 CO; BE as a function of (a) dc of Zr atoms and (b) the IP for each of the Cuss_,Zr, (x = 2, 4, 6, 8, 10, 12) NPs.

Overall, the local d¢ appears to be a good descriptor for the
observed CO, adsorption behavior. In Fig. 5(b) we present
the relationship between the CO, BE and the IP of the NP. As
the IP decreases we observe a stronger CO, BE. Given that
the IP represents the ability of the NP to donate electrons, we
believe that the IP is the catalyst property responsible for the
degree of charge transfer to the CO, molecule resulting in
the activation of the molecule. In addition, Fig. 5(b) demon-

() ——Cuss
1.5+ TS

CugyZr

1.0
CO* + Opoiow™

0.5+

0.0

Energy (eV)

-1.04

-1.54
CO* + Opoow™
2.0 CO* + 0, *

Reaction Coordinate

CO,* (phy)

CO,* (chem) TSI CO* + 0, TS2 CO* + Oy *

Fig. 6 (a) CO, dissociation reaction path on Cuss (black line) and
Cus4Zr (red line). For Cuss, TS represents breaking of a C-O bond, with
a C-O bond length of 1.87 A. For CussZr, TS1 represents the breaking
of a C-O bond, with a C-O bond length of 1.73 A and TS2 represents
the diffusion of O from a top site to hollow site configuration. (b) Opti-
mized structures for the CO, dissociation to CO and O on the Cuss
(top row) and Cus4Zr (bottom row) NPs.

This journal is © The Royal Society of Chemistry 2017

strates a way to tune CO, chemisorption: increasing the sur-
face Zr composition (experimental parameter) decreases the
IP of the NP, and in turn, the CO, adsorption becomes stron-
ger. As shown in Fig. S3 of the ESIf file, increasing the Zr
composition, shifts the HOMO (highest occupied molecular
orbital) towards the LUMO of CO, (lowest unoccupied molec-
ular orbital) and closer to the Fermi level of the NP. This in
turn, results to decreasing the catalyst IP and increasing the
interaction energy of CO,.

CO, dissociation to CO on CussZr vs. Cuss

The facile chemisorption of CO, on the Cuss_,Zr, NPs indi-
cates that the NPs could serve as favorable CO, reduction cat-
alysts compared to monometallic Cu NPs alone. As a prelimi-
nary analysis, for our ongoing CO, reaction studies, we
compared the CO, dissociation barriers on Cus,Zr and Cus;
and found that Cus,Zr dissociated CO, at a significantly
lower barrier than Cuss. Specifically, Fig. 6(a) illustrates the
dissociation of CO, into adsorbed CO and O on both the
Cus; and Cus,Zr NPs relative to the isolated CO, molecule
and the NP. We found that the transition state (TS) energy
value and bond length for C-O bond breaking on Cuss; and
Cus,Zr are 0.93 eV and 1.87 A, and 0.20 eV and 1.73 A, re-
spectively. The second TS in the Cus,Zr pathway, which has a
small barrier of 0.05 eV represents the diffusion of O from a
top site to a slightly more stable hollow site configuration.
The Cus,Zr system exhibits the second TS because the direct
transition of O into the hollow site from CO, dissociation
through a single TS (as was for Cuss) was not favorable. The
corresponding structures for each state of the energy diagram
are shown in Fig. 6(b).

Conclusions

In summary, we investigated the electronic and CO, adsorp-
tion properties of Cuss_,Zr, (x = 0, 1, 2, 4, 6, 8, 10, 12) NPs.
These Cu-based NPs, which consist of 55-atoms, have a deco-
rated distribution of Zr atoms on the surface. Segregation en-
ergy analysis identified that Zr prefers to reside on the sur-
face of the NPs, especially at the lower coordinated sites.

Catal. Sci. Technol., 2017, 7, 2245-2251 | 2249
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Adsorption calculations revealed that the Zr site at the NP
surface is the most favorable site for CO, adsorption. The
CO, binding energy varies slightly when the decorated Zr in-
creases from 2 to 6 atoms on the Cu NP surface. However, a
significant increase in the CO, binding energy was observed
when we decorated 8-12 Zr atoms on the Cu NP surface. Fur-
thermore, the elongation of C=O bond lengths and the
bending of O—C=0 bond angles were observed for all CO,
adsorption cases on the Cuss_,Zr, NPs, which indicates that
CO, is activated when it adsorbs on Cuss_,Zr, NPs (compared
to the linear gaseous CO,). We found the chemisorption of
CO, on the Zr-decorated Cu NPs to be barrierless and exo-
thermic, while it is endothermic on monometallic Cus;; NP.
This chemisorption behavior was attributed to a strong
charge transfer from the CuZr NPs to CO,, resulting in the ac-
tivation of CO,. We further identified two descriptors for CO,
adsorption: the d-band center (d¢) localized on the Zr atom
interacting with CO, and the ionization potential (IP) of the
whole NP. Both descriptors correlate with the CO, adsorption
energies. The latter descriptor is significant since it can be
experimentally measured and, as we demonstrate in this
work, it can be tuned with the Zr content (composition varia-
tion) on the NP surface. To assess the effectiveness of CuZr
NPs as catalysts for CO, conversion, we investigated the CO,
dissociation to CO and O on Cus,Zr and Cuss. We found that
the barriers towards CO, dissociation on the Cus,Zr NP were
much lower than that on the Cuss NP. Our work demon-
strates that Zr-decorated Cu-based NPs enhance the adsorp-
tion and activation of CO,, which in turn, results in lower
barriers towards the dissociation of CO,. Overall, this work
provides guidelines for the design of potentially promising
catalysts for CO, conversion to valuable fuels and chemicals.
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