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In order to understand the relationship between the ferromagnetism and catalytic performance, three pathways
of CO activation over transition metal catalysts (Co, Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au) have been studied by using
density functional theory (DFT) calculations. It is shown that Co and Ni metal catalysts have better catalytic
performance for CO activation than others. The density of states (DOS) and spin density plots reveal that Co and
Ni metal possess ferromagnetism. So it is concluded that the catalytic activity connects with the metal ferro-
magnetism. To further confirm this deduction, the magnetic moments and Bader charge have been calculated
when small molecules (CO, CHO, and COH) adsorbed on the Co and Ni metal surface, and the results shows that
the electron transfer between the small molecules and metal catalysts happens on the unpaired d-orbital electrons
(ng) of the metal, which changes the magnetic moments of Co and Ni metal. Meanwhile, electron transfer also
changes the catalytic performance of Co and Ni metal catalysts. Compared with the CO, the electron transfer of
CHO and COH is more, the magnetic moments of metal changes greatly, and the carbon-oxygen bonds of CHO
and COH are easier to break. So the magnetic moments of metal catalysts can be used as an indicator to select

different metal catalysts.

Introduction

With the world’s energy demands constantly increasing, the impor-
tance of conversion from syngas (CO and Hy) to hydrocarbons has been
progressively recongnized for more than a century [1-3]. This conver-
sion can be achieved by the means of Fischer-Tropsch synthesis (FTS). So
particular attention has been paid to CO activation since it is the first
step in the FTS process [4-6]. And the central discussion is to understand
the CO activation mechanism. In generally, CO activation includes three
main activation mechanisms: (i) CO direct dissociation mechanism; (ii)
H-assisted CO dissociation mechanism through CHO; (iii) H-assisted CO
dissociation mechanism through COH [7-11].

According to molecular orbital (MO) theory, CO activation on the
metal surface results from electron donation (from CO to the metal via
the 56 MO) and back-donation (from the metal to CO via the 2x* MO)
[12,13]. When CO adsorbed on the metal surface, the metal-carbon bond

is formed, and the carbon-oxygen bond of CO is weakened even broken
ultimately. The different transition metals (TM) possess the respective
ability of CO activation because of each electronic properties [14].

It has been evidenced that the activity and selectivity of metal cat-
alysts highly rely on structural sensitivity. For example, HCP (hexagonal
close-packed) Co has a better CO activation ability than FCC (face
centered-cubic) Co [15], but Ni metal catalyst with face-centered cubic
(FCQC) phase is more active than that with hexagonal close-packed (HCP)
phase for CO activation [16]. Hao et al. [17] proved that FCC Rh has a
higher activity than HCP Rh. It shows that metal crystal phase has an
impact on the catalytic performance of metal catalysts.

Another performance of structural sensitivity for transition metal
catalysts is: different crystal surface possesses their respective catalytic
properties. The step site, which is the most common defect for metal
catalysts, is widely believed to show good activity in many catalytic
reactions [18-20]. For example, it is suggested that the Rh(211) surface
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shows a higher activity than the Rh(111) surface for the syngas con-
version reaction [21]. Liu et al. [22] found that NO reduction can be
enhanced on the stepped Ir(211) surface. Xu and Mavrikakis [23]
proved that: the stepped Au(211) surface possesses a better catalytic
activity for the adsorption and dissociation of O than that on Au(111).
It is shown that the Cu(211) surface is more favorable for the CO and
CO; hydrogenation reactions [24]. Metal (211) surface, which possesses
3 atomic row wide (111) terraces and 1 atomic row wide (100) steps, has
better catalytic performance for CO activation [25], because it has low
coordination numbers (CN) of metal atom and the 4-fold hole site [26].
Moreover, it holds the Bs active unit, which is regarded as the active unit
of catalytic synthesis [27-30]. It is well known that CO direct dissoci-
ation is associated with the adsorption configuration of the product C or
O atom. The four-fold hollow site can strongly adsorb the C atom and
decrease the activation energy of CO direct dissociation [7]. And the Bg
active unit possesses the four-fold hollow site, so this unique structures
lower the barrier of CO activation.

The conversion from syngas to hydrocarbons over the groupVIll metal
catalysts have been studied experimentally and it suggests that the order
of conversion rate is: Ru>Fe>Co>Rh>Ni>Ir>Pt>Pd [31]. However,
experimentally there are many factors affecting catalytic performance
[32-34], and it is determined by both the physical and chemical prop-
erties of the metal catalysts under reaction environment. Theoretically it
is found that Fischer-Tropsch synthesis over transition metal catalysts
has a connection with the electronic properties of the catalysts, the value
of A(1o—4n) (carbon-oxygen separation energy) plays an important role
in CO activation [35-37].

In recent years, some studies suggests that the performance of metal
catalysts is related to ferromagnetism [38]. The number of unpaired
d-orbital electrons (ng) of transition metals lead to the ferromagnetism
(such as Fe, Co and Ni) [39]. Experimentally it is shown that the
selectivity and activity of Fe- and Co-based metal catalysts change with
the unpaired d-orbital electron number, and the optimized CO conver-
sion for the Fe- and Co-based metal catalysts are obtained when the
value of nq is 2.23 and 1.66, and the catalytic performance of metal
catalysts change with metal magnetism [40]. Moreover, the absorption
energy of CO over transition metal catalysts is associated with the un-
paired d-orbital electron [41,42]. And the absorption of small molecules
on the transition metals significantly affects the magnetic properties of
transition metals [43-45], it indicates that the electron transfer between
the small molecules and metal catalysts happen on the unpaired
d-orbital electrons (ng) of the metal. However, up to now, the perfor-
mance of different transition metal catalysts for CO activation have not
been studied. Does the ferromagnetism have a connection with the
catalytic performance in theory?

In this work, we selected transition metal catalysts (Co, Ni, Cu, Rh,
Pd, Ag, Ir, Pt, and Au) as research object in order to eliminate the in-
fluence of metal crystal phase. All of them possess FCC (face centered-
cubic) crystal phase. And based on higher catalytic activity of metal
(211) surface, we investigated CO activation performance on the metal
(211) surface. The activation energy (E,) of three pathways of CO acti-
vation on the nine metal surfaces were studied. Then the density of
states (DOS) and spin density plots were illustrated in order to charac-
terize the ferromagnetism. The magnetic moments and Bader charge
were calculated when small molecules (CO, CHO, and COH) adsorbed on
the Co and Ni metal surface. In addition, the electronic properties of
small molecules (CO, CHO, and COH) were discussed.

2. Computational methods and models
2.1. Computational methods

DFT calculations were performed by applying the Vienna ab Initio
Simulation Package (VASP) [46,47], where the generalized gradient

approximation (GGA) with the function of Perdew-Burke-Ernzerhof
(PBE) formalism was selected to treat the exchange correlation energy
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of the electrons [48,49]. The electronic wave functions were employed
based on the plane waves with a cutoff energy of 400 eV. SIGMA = 0.2
eV was selected for the Gaussian smearing parameter. The convergence
criteria for atoms forces were converged to be less than 0.03 eV/A and
electronic convergence was performed to 1 x 10> eV. The k-point grid
of 3 x 3 x 1 was employed to sample the Brillouin zone [50]. To locate
the transition state, Climbing-Image Nudged Elastic Band method
(CI-NEB) was used to obtain the minimum energy path [51,52], which
were inserted four optimized iteratively intermediate images, and fre-
quency analysis was confirmed for only one imaginary frequency of
transition state structure.

The adsorption energy (E,qs) of the adsorbed species involved in CO
activation were calculated as (1):

Euias = Egap + Evdsorvare — Eadsorbare/stab €y

Where Eadsorbate/slab corresponds to the total energy of the slab with
adsorbed species; Egap corresponds to the energy of clean surface slab,
and Eagsorbate cOrresponds to the energy of molecule in the gas phase.

The activation barrier (E,) and reaction energy (AH) of the
elementary reaction were defined as (2) and (3):

E, =Ers — Ejs (2
AH = Epg — Egg 3

Where Eig, Ets, and Egg refer to the total energy of the initial, transition,
and final state structure.
The d-band center was obtained by the Eq. (4)
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Where pq4 corresponds to the density of states projected on the d-orbitals
of the metal atoms.

2.2. Surface model

For the metal (211) surface, the p(2 x 3) super cells were used to
model it, and the periodic repeating slabs was 6 atomic layers, the
bottom 2 layers of which were fixed at the bulk positions. The neigh-
boring slabs were separated by means of the vacuum thickness of 15 A so
that the interactions could be avoided. The Bs active site possesses five
types of adsorption sites (Top, Bridge, Hole, HCP, and FCC) on the Metal
(211) surface. And the coordination numbers (CN) of metal atom on the
Bs active site is marked in Fig. 1.

3. Results and discussion
3.1. Adsorption of the small molecules

The absorption energy of the small molecules with the zero-point
vibrational energy (ZPE) correction, the corresponding most stable
adsorption structures, and the key geometrical parameters of C, H, O,
CH, CO, OH, CHO and COH on the metal (211) surface are displayed in
Part 2 of Supplementary Material. The results shows that the small
species prefer to absorb on Bs site of metal (211) surface, and it reveals
that Bs site is the active unit for the CO activation over the metal (211)
surface.

3.2. CO activation

3.2.1. CO direct dissociation mechanism

As one pathway for CO activation, CO direct dissociation mechanism
on the transition metal catalysts or alloys catalysts has been studied
extensively in the past years [53-56]. In this section, CO direct disso-
ciation on different Metal (211) surface is considered. The activation
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Fig. 1. (a) Top views of metal (211) surface with the Bs site and the typical adsorption sites. (b) Side view of metal (211) surface and the coordination numbers (CN)

of metal atom is marked.

barriers E,, the reaction energy AH, the C=0 distance of the transition
state structure d..,, and the only imagination frequency of the transition
state structure @ are shown in Table 1. And the potential energy diagram
of CO direct dissociation are presented in Fig. 2. Correspondingly, the
initial, transition, and final state structure of CO direct dissociation on
different metal (211) surface are presented in Part 3 of Supplementary
Material.

The huge variation of activation barrier E, of CO direct dissociation
indicates that CO direct dissociation depends on electronic properties of
the metal catalysts. For the CO direct dissociation pathway, ordering
these nine metals catalyst according to the activation barrier E,, it pre-
sents the following sequence: Ni<Co<Rh<Cu<Ir<Pd<Ag<Pt<Au. Ni
metal catalyst has the lowest activation barrier E, of 2.02 eV. Secondly,
Co metal catalyst has the activation barrier E, of 2.28 eV. It suggests that
the Co and Ni metal catalysts possess better CO activation ability. At the
same time, the Co and Ni metal catalysts have the reaction energy AH of
-0.33 and -0.04 eV. For the remaining FCC crystal phase transition metal
catalysts, the activation barrier E, are 0.99 eV higher at least than that of
Co and Ni metal catalysts. Similarly, the reaction energy AH of the
remaining metals are higher than that of the Co and Ni metal catalysts. It
clearly suggests that CO direct dissociation is more favorable over the Co
and Ni metal catalysts both kinetically and thermodynamically. The
similar trend with the Brgnsted-Evans-Polanyi (BEP) relation is obtained
for the nine metal catalysts [57,58]: the greater the reaction energy AH,
the higher the activation barrier E,. It is widely known that the activa-
tion barrier E, is associated with the adsorption configuration of the

Table 1

The activation barriers (E,, €V) and reaction energy (AH, eV) for the CO direct
dissociation: CO=C+O0, d.., (in A) is the C=0 distance of the transition state
structure,® (in cm ™) is the only imagination frequency of the transition state
structure.

Surface CO=C+0
E, AH deo 0]

Co(211) 2.28 -0.33 1.96 386
Ni(211) 2.02 —0.04 3.17 190
Cu(211) 3.63 1.78 2.16 139
Rh(211) 3.27 0.59 2.00 492
Pd(211) 4.91 1.07 1.95 515
Ag(211) 5.12 4.18 3.77 193
r(211) 3.95 1.33 2.04 445
Pt(211) 5.13 2.11 2.21 351

Au(211) 5.24 4.09 3.01 160

product C or O atom. For C atom, the most stable adsorption site is the
four-fold hollow; but for O atom, there is little difference in absorption
energy at different site (especially the Bri, HCP and FCC site). And the
absorption energy of O atom is much lower than that of C atom (as
showed in Part 2 of Supplementary Material), so the O atom easily mi-
grates among different sites at the transition state. Furthermore, there
are wide variations in the absorption energy of C and O atom for the nine
metal catalysts. And it results in the great difference of C-O distance at
the transition state structure for the nine metal catalysts. For the Rh, Cu,
Ir, and Pd metal catalysts, they have the modest E, of CO direct disso-
ciation. It is noteworthy that: for the Ag, Pt, and Au metal catalysts, the
activation barriers of CO direct dissociation are so high that CO is
difficult to dissociate via this pathway.

3.2.2. H-assisted CO dissociation mechanism through CHO

CO is hydrogenated to form CH and O via CHO is often regarded as a
CO activation pathway [59,60]. In this section, the reaction of
CO+H=CHO and CHO=CH+O are studied. The activation barriers E,1
and the reaction energy AH; for the reaction of CO+H=CHO, the acti-
vation barriers E,» and the reaction energy AH, for the reaction of
CHO=CH+O, and the total activation energy E, for the
CO+H=CH+O process are listed in Table 2. Correspondingly, the con-
figurations of the co-adsorption of CO and H, the intermediate CHO, the
co-adsorption of CH and O, the transition state, and the potential energy
diagram of H-assisted CO dissociation mechanism through CHO over
different metal catalysts are presented in Part 4 of Supplementary
Material.

For the first elementary step of CO+H=CHO (as shown in Table 2),
the activation barriers E,; of Au, Ag, and Cu metal catalysts are 0.69,
0.79, and 1.06 eV, respectively. It reveals that the group IB elements are
easy to form CHO via CO and H. For the Co and Ni metal catalysts, the
activation barriers E,; are 1.06 and 1.36 eV, both of them are modest for
forming CHO via CO and H.

For the second elementary step of CHO dissociation to CH and O (as
shown in Table 2), The Co and Ni metal catalysts have the activation
barriers E,3 of 0.97 and 1.56 eV. It is found that Co and Ni metal catalysts
can easily make CO activation via CHO and break the C=0 bond. For the
Ag and Au metal catalysts, the activation barriers are as high as 4.80 and
4.67 eV. It reveals that Ag and Au metal catalysts are difficult to break
the C=0 bond via CHO. It is worth noting that the C=0 bond in CHO
(CHO=CH+0) can be cleaved more easily than that in CO over all metal
catalysts.
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Fig. 2. The potential energy diagram of CO direct dissociation over metal (Co, Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au) catalysts.
Table 2 Table 3

The activation barriers (E,;, eV) and the reaction energy (AH;, eV) for the re-
action of CO+H=CHO, the activation barriers (E,o, €V) and the reaction energy
(AH,, eV) for the reaction of CHO=CH+O, and the total activation energy (E;otal,
eV) for the CO+H=CH~+O process.

The activation barriers (E,3, €V) and the reaction energy (AH3, eV) for the re-
action of CO+H=COH, the activation barriers (E,4, €V) and the reaction energy
(AHy, eV) for the reaction of COH=C+OH, and the total activation energy (Eiotal,
eV) for the CO-+H=C+OH process.

Surface CO+H=CHO CHO=CH+O CO+H=CH+O Surface CO+H=COH COH=C+OH CO+H=C+OH
Ea1 AH; Ea2 AH; Eotal Eq3 AHj3 Eas AH, Eotal
Co(211) 1.06 1.00 0.97 —1.22 1.97 Co(211) 2.05 0.91 0.84 —0.96 2.05
Ni(211) 1.36 1.07 1.56 -0.73 2.63 Ni(211) 2.11 0.99 1.04 —0.81 2.11
Cu(211) 1.06 0.69 2.06 0.27 2.75 Cu(211) 2.36 1.24 1.69 0.09 293
Rh(211) 1.40 0.91 3.14 -0.12 4.05 Rh(211) 1.99 1.13 1.17 —0.61 2.30
Pd(211) 1.78 1.18 2.60 0.75 3.78 Pd(211) 1.89 0.88 1.65 —0.05 2.53
Ag(211) 0.79 0.21 4.80 2.36 5.01 Ag(211) 2.91 1.46 2.58 1.22 4.04
Ir(211) 1.71 0.78 2.03 0.36 2.81 Ir(211) 1.88 0.90 1.59 -0.29 2.49
Pt(211) 1.57 1.03 2.93 1.25 3.96 Pt(211) 1.81 0.72 1.90 0.47 2.62
Au(211) 0.69 0.01 4.67 2.87 4.68 Au(211) 2.18 0.76 2.62 1.66 3.38

Based on the above analysis about two elementary steps, according
to the total activation energy Ea for the CO+H=CH+O process, the
presented order is: Co<Ni<Cu<Ir<Pd<Pt<Rh<Au<Ag. The overall
activation barrier varies from 1.97 to 5.01 eV for the nine catalysts. For
the Co and Ni metal catalysts, the total activation energy Eiota) are 1.97
and 2.63 eV. Thus, it is assumed that the Co and Ni metal catalysts are
favorable for CO activation via CHO to CH. In addition, however, it
shows that this dissociation pathway is unfavorable for Ag and Au metal
catalysts.

3.2.3. H-assisted CO dissociation mechanism through COH

CO is hydrogenated to produce C and OH via COH is also an
important CO activation pathway [10,61]. In this section, the reaction of
CO+H=COH and COH=C+OH are studied. The activation barriers E,3
and the reaction energy AHj3 for the reaction of CO+H=COH, the acti-
vation barriers E,4 and the reaction energy AH,4 for the reaction of
COH=C+OH, and the total activation energy Eiz, for the
CO+H=C+OH process are displayed in Table 3. Correspondingly, the
optimized co-adsorbed structures of CO and H, the intermediate COH,
and the co-adsorbed configurations of the C and OH, the transition state

and the potential energy diagram of H-assisted CO dissociation mecha-
nism through COH over different metal surface are presented in Part 5 of
Supplementary Material.

For the reaction of CO+H=COH, the activation barrier E,3 ranges
from 1.81 to 2.91 eV, which indicates that COH formation is weakly
electron sensitive (as shown in Table 3). The activation barriers E,3 of Pt,
Ir, and Pd metal catalysts are 1.81, 1.88, and 1.89 eV, respectively; For
the Co and Ni metal catalysts, the activation barriers E,3 are 2.05 and
2.11 eV, which are modest for forming COH via CO and H; The activa-
tion barriers E,3 of Au, Cu, and Ag metal catalysts are 2.18, 2.36, and
2.91 eV, respectively, and they are higher than that of other transition
metal catalysts.

For COH dissociation to C and OH, The Co and Ni metal catalysts
have the activation barriers E4 of 0.84 and 1.04 eV (as displayed in
Table 3). It is suggested that Co and Ni metal catalysts favor the CO
activation via COH. The activation barriers E,4 of Ag and Au metal
catalysts are 2.58 and 2.62 eV, which are higher than that of other metal
catalysts. It is worth noting that the activation barrier of COH for the
broken of C=0 bond (COH=C+OH) becomes lower on all metal cata-
lysts than that of CO.
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Based on the above calculation for H-assisted CO dissociation
mechanism through COH, according to the total activation energy (E,.
ta) for the CO+H=C+OH process, the displayed order is:
Co<Ni<Rh<Ir<Pd<Pt<Cu<Au<Ag. Co and Ni metal catalysts are
favorable for the CO activation via COH. The total activation energy
(Etota)) varies from 2.05 to 4.04 eV. For the Ag and Au metal catalysts, it
is difficult to break the C=0 bond via COH.

3.3. General discussions on CO activation

It is indicated that the transition metal situated in the right of the
periodic table (such as Cu and Pd) show weak ability for CO direct
dissociation, the C=0 bond is un-cleaved during CO hydrogenation and
methanol is its main product [36]. The transition metals situated in the
left of the periodic table (such as Mo and W) show strong ability for CO
direct dissociation, but they form metal carbides subsequently [62,63].
Fe, Co, and Ni metals are suitable for CO activation. CHy4 is the main
product over Ni-based catalysts for it is disadvantageous to the C-C
coupling [64], Fe and Co metals favor the production of long-chain
hydrocarbons and are used for FT synthesis. It is interested that they
all possess ferromagnetism. Theoretically the activation barriers E, of
CO direct dissociation is 1.09 eV for Fe(100) surface, it indicates that Fe
metal catalyst has better CO activation ability [65], However, Fe metal
only possesses one crystallographic structures: the body centered cubic
(BCC) phase, and it does not been considered in order to eliminate the
influence of structure sensitivity (metal crystal phase) in this paper.

In our study, the activation barriers (eV) of CO direct dissociation,
the total activation energy (eV) of H-assisted dissociation mechanism
through CHO and COH over different metal catalysts are displayed in
Fig. 3. With regard to this three mechanisms, Co and Ni metals are more
advantageous than other metal catalysts for CO activation. For Co metal
catalyst, the optimal path for CO activation is H-assisted CO dissociation
mechanism through CHO. For the Ni metal catalyst, CO direct dissoci-
ation is preferable for CO activation. For the group IB elements (espe-
cially the Ag and Au metal), the CO hydrogenation to CHO is easier, but
it is difficult to break the C=0 bond via this three pathway. The results is
consistent with the past reports [36,66]. For the Rh, Pd, Ir, and Pt metal
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catalysts, H-assisted CO dissociation mechanism through COH is favor-
able for CO activation. After CO hydrogenated to CHO or COH, the
activation energy (E,) of broken the C=0 bond become lower than that
of CO for all metal catalysts.

3.4. Electronic properties analysis

For the CO activation, Co and Ni metal catalysts are more advanta-
geous than other FCC crystal phase transition metal catalysts. Recently
some research shows that the performance of metal catalysts is related to
magnetism. It is noteworthy that Co and Ni metal catalysts possess
ferromagnetism. The density of states (DOS) of the metal catalysts (Co,
Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au) have been analyzed in Figs. 4 and S15.
It is shown that the DOS of spin-up states and spin-down states are un-
symmetric for the Co and Ni metal catalysts, so the Co and Ni metal
perform metal ferromagnetism. However, for the Cu, Rh, Pd, Ag, Ir, Pt,
and Au metal, the DOS of spin-up states and spin-down states are sym-
metric, and it perform non-ferromagnetism. Moreover, we have
analyzed spin density plots of Co, Ni, and Cu metal catalysts (as shown in
the Fig. 5). The copper metal is selected as a comparison. For the Co and
Ni metal catalysts, the spin-up density is uniformly distributed on the
each atom. But for the Cu metal catalyst, it includes the spin-up and the
spin-down density, and the spin-up and the spin-down density is equal,
so the Cu metal catalysts perform non-ferromagnetism.

Furthermore, The Bader charge from metal catalysts to small mole-
cules (/\g, ) when small molecules absorbed on the metal surface is
studied (as shown in Tables 4 and S11). It is showed that Co and Ni metal
have more charge transfer than the other metal catalysts, which indicate
that there is stronger interaction between small molecules and Co and Ni
metal catalysts. Transition metals (Cu, Rh, Pd, Ag, Ir, Pt, and Au) pos-
sesses no magnetism, when small molecules (CO, CHO, and COH)
absorbed on the metal surface, the magnetic moments of this metal
catalysts is unchanged. The magnetic moments for Co and Ni metal
catalysts (myota), 1B) are calculated (as presented in Table 4). The Co and
Ni metal catalysts perform significantly ferromagnetism (mota=62.24
uB for Co catalyst and myo=24.09 puB for Ni catalyst). The model of
metal (211) surface has 36 atoms, so the magnetic moments for each Co

(@]
|

B direct
B through CHO
B through COH

(&)

N

N

The (overall) activation barrier (ev)
- w

o

Co Ni Cu Rh

Pd Ag Ir Pt Au

Fig. 3. The activation barriers (eV) of CO direct dissociation (black), the total activation energy (eV) of H-assisted dissociation mechanism through CHO (red) and

COH (blue) over different metal catalysts.
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Table 4

The magnetic moments for Co and Ni metal catalysts (myota1, #B) and each Co and
Ni atom (m, pB), the magnetic moments for metal catalysts (m’ioa1, #B) and the
variation of the magnetic moments (/\m, pB) when CO absorbed on the metal
surface (/Am, pB), and the Bader charge from metal catalysts to small molecules

(Ag, e).

Metal Co Ni
Myotal 62.24 24.09
m 1.72 0.67

M’ t0ta1(CO) 61.66 23.58
Am —-0.58 —-0.51
Aq —0.24 ¢ —0.20 e

and Ni atom (m, pB) are 1.72 and 0.67 pB, which are in consistent with
previous study [67,68]. After the CO absorbed on the metal surface, the
magnetic moments of Co and Ni metal catalysts decline 0.58 and 0.51
uB, respectively. It probably results from the election transfer between
the small molecules and metal catalysts. The Bader charge shows that Co
metal catalyst donates 0.24 e to CO, and Ni metal catalyst donates 0.20 e
to CO. The decrease of the ferromagnetism of Co and Ni catalysts results
from the number of unpaired d-orbital electrons (ng). So it is concluded
that electron transfer between the metal catalysts and CO happens on
the d-orbital of metal, and there is a subtle relationship between the
metal ferromagnetism and catalytic activity for the CO activation.
Moreover, when the CHO absorbed on the metal surface, the mag-
netic moments of Co and Ni metal catalysts decline 0.69 and 0.85 B,
respectively (as presented in Table 5). The Bader charge shows that Co
metal catalyst donates 0.34 e to CHO, and Ni metal catalyst donates 0.26
e to CHO. After the COH absorbed on the metal surface, the magnetic
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Table 5

The magnetic Moments for metal catalysts (m’oa1 , 1B ) and the variation of the
magnetic moments (/\m, pB ) when CHO or COH absorbed on the metal surface,
and the Bader charge from metal catalysts to small molecules (/\g, e).

Metal Co Ni

M otal(CHO) 61.55 23.24
Am —0.69 —0.85
Aq —0.34¢ —0.26 ¢
M’ total(COH) 60.94 22.45
Am -1.30 —-1.64
Aq -0.53 ¢ —0.44 ¢

moments of Co and Ni metal catalysts decline 1.30 and 1.64 uB,
respectively. The Bader charge shows that Co metal catalyst donates
0.53 e to COH, and Ni metal catalyst donates 0.44 e to COH.

It is worthy noted that the magnetic moments of metal catalysts is
related to the electron transfer between the metal and small molecules.
The sequence of the electron transfer between metal and the absorbed
small molecules is: /Agco)</A\gcu0)</\q (com, and the order of the
variation of the magnetic moments (Am) is: Amcoy</Amcuoy</A\
mcom). With the electron transfer between the metal and small mole-
cules increasing, the variation of the magnetic moments enlarges.
Meanwhile, there is a liner relationship between the catalytic activity
and variation of the magnetic moments. After CO hydrogenated to CHO
or COH, the order of the activation barrier (E,) of broken the C=0 bond
is: Ea(cony<Ea(cuo)<Ea(co). The electron transfer between CHO (or COH)
and metal catalysts is more than that of CO, the carbon-oxygen bond of
CHO and COH is easier to break on the metal catalysts. So it can be
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higher catalytic activity of metal catalysts.

The properties of transition metals closely associate with the empty
d-orbitals and d-electrons [69,70], so the d-band center (¢4) for the Ni
and Co metals when small molecules (CO, CHO, and COH) absorbed on
their surface have been calculated and analyzed (as shown in Fig. 6). The
d-band center (&4) for the Ni and Co metals are -1.19 and -1.26, which
are consistent with the -1.17 and -1.29 reported by Ruban et al. [71].
When small molecules

(CO, CHO, and COH) absorbed on the Co metal, the d-band center
() are —1.26, —1.28, and —1.29, respectively. Similarly, when small
molecules (CO, CHO, and COH) absorbed on the Ni metal, the d-band
center (gg) are —1.30, —1.31, and —1.33, respectively. It is presented
that the d-band center (¢4) downshifts after small molecules absorbed on
Co and Ni metal. It is interesting that there is a liner relationship be-
tween the d-band center (g4) and activation barrier (E,) for Co and Ni
metal catalysts. The sequence of the d-band center (gq) is:
£4(coH) <€d(cHo) <Ed(co)> The order of activation barrier (Ey) is: Eacom<Ea
(cHO)<Ea(co). It is revealed that: the more the downshift of the d-band
center (gg4), the higher the catalytic activity of metal.

On the other hand, when CO hydrogenated to CHO or COH, the
electronic properties of small molecule changes (as presented in
Table 6). Compared with the CO, the level of HOMO (highest occupied
molecular orbital) [72,73] of CHO and COH is shifted upward, and the

Table 6
The energy (in eV) of HOMO,LUMO,GAP of CO,CHO and COH.

co CHO COH
concluded that: the more electron transfer between the metal and small B Len 18 28
molecules, the greater change of metal ferromagnetism, and the cata- ELUMO _8'8 4 B 181 _3'90
HOMO -8. —4, 3.
lytic activity increases. In other words, the greater change of ferro- GAP 6.99 1.63 1.42
magnetism when small molecules absorbed on the metal surface, the
1 1
. Cot+CO .
1 1
1 1
1 1
1 1
1 1
1
1 1
1 1
1 1
1 1
1 1 .
= . CotCHO : Ni+CHO
g 1 1
. 1 1
—c% !
~ 1 1
N 1
o 1 I
D 1 1
1 1
T T
1 1
. Co+COH | Ni+COH
1 1
1 1
1
1 1
1 1
1
1 1
1 1
r } - . } .
-5 0 5 -5 0 5

E-E, (eV)

E-E, (eV)

Fig. 6. The (¢4) for the Ni and Co metals when small molecules (CO, CHO, and COH) absorbed on their surface, the black dotted line corresponds to the Fermi level.
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level of LUMO (lowest unoccupied molecular orbital) of CHO and COH is
shifted downward, so the GAP of HOMO and LUMO become smaller. The
order of the energy of the GAP is: GAPcomn)<GAPHo)<GAP (o), it in-
dicates that CHO and COH are more active than CO. As a result, CHO and
COH are easier to interact with the metal catalysts than CO, which in-
tensifies the electron transfer between the metal and small molecules.

Through the above calculation results, it is shown that: when small
molecules absorbed on the metal catalysts, electron transfer takes place
on the d-orbital of metal catalyst. As a result, the ferromagnetism per-
formed by transition metals changes. Meanwhile, the performance of
metal catalysts also varies. So it is concluded that the metal ferromag-
netism connects with catalytic activity for the metal catalysts.

4. Conclusions

The CO activation over transition metal catalysts with FCC crystal
phase has been systematically discussed by adopting density functional
theory calculations. Based on the activation energy (E,) of three CO
activation mechanisms over different metal surfaces, we obtain that the
Co and Ni metal catalysts possess better catalytic performance for CO
activation. The activation energy (E,) of three CO activation pathways
over Co and Ni metal catalysts is lower than that of others. According to
the density of states (DOS) and spin density plots of Co and Ni metal
catalysts, we learn that Co and Ni metal catalysts show ferromagnetism,
it is deduced that the catalytic activity connects the ferromagnetism. The
electronic properties of metal catalysts when the small molecules (CO,
CHO and COH) absorbed on the surface have been calculated, it is shown
that electron transfer between the small molecules and metal catalysts
happens on the unpaired d-orbital electrons (ng) of metal, this electron
transfer bring about the change of ferromagnetism, the more electron
transfer, the greater change of ferromagnetism. The electron transfer
between CHO (or COH) and metal catalysts is more than that of CO, and
the carbon-oxygen bonds of CHO and COH are easier to break on the
metal catalysts. So the catalytic activity connects with the metal ferro-
magnetism. The greater change of ferromagnetism when small mole-
cules absorbed on the metal surface, the higher catalytic activity of
metal catalyst. Meanwhile, the electron transfer bring about downshift
of the d-band center (¢4): the more the downshift of the d-band center
(&4), the higher the catalytic activity of metal. In addition, based on the
analysis of electronic properties of small molecules (the LUMO and the
HOMO), it is shown that CHO and COH is more active than CO.

To summary, this DFT study about CO activation on the different
metal catalysts further explains that the catalytic activity connects with
the metal ferromagnetism as a result of electron transfer. It can provide a
more useful and specific guide for the experiment research. The satu-
ration magnetization (MS) of the metal catalysts can be measured by
using superconducting quantum interference device (SQUID) [40], so
the magnetic moments of metal catalysts can be used as an indicator to
select different metal catalysts for CO activation.
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