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Abstract Reactant adsorption sites of novel metal 
catalysts are difficult to characterize precisely, which 
is vital for understanding heterogeneous reactions and 
designing efficient catalytic  systems. However, even 
at cryogenic temperatures, a complete atomic under-
standing of catalytic reaction sites remains elusive, 
such as the variation in reactant molecule adsorption 
sites on metal nanoclusters (NCs). Here, we studied 
CO adsorption on the Pd NC of an  Al2O3/NiAl(110) 
surface with atomic resolution by noncontact atomic 
force microscopy and Kelvin probe force microscopy 
at room temperature. We found that CO molecules 
are preferentially adsorbed on the Pd NC (~2 nm) on 
line defects. We investigated the consecutive scan-
ning topographic AFM images of CO molecules on 
the Pd/Al2O3/NiAl surface and found the most stable 
adsorption site of CO molecules on bridge site and 
the most unstable adsorbed site on step_110, which 
are supported by density functional theory (DFT) 

calculations. This result reveals that the electronic 
and geometric properties of Pd NCs and CO mol-
ecules are expected to provide insight into the mecha-
nism of Pd-based heterogeneous catalysis.

Keywords Palladium nanoparticle · CO adsorption 
sites · Heterogeneous catalysis · Al2O3/NiAl(110) 
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Introduction

In heterogeneous catalysis, reactants adsorb onto the 
surface of the catalyst, and the availability of reac-
tion active sites can limit the rate of heterogeneous 
reaction [1–4]. Heterogeneous catalysts are diffi-
cult to characterize precisely, and many studies have 
been conducted to locate active sites on various cata-
lytic materials. Observations of the adsorption sites 
of reactants have shown that metal oxide interfaces 
are catalytically the most active, such as planar Au 
clusters on MgO/Ag(001) thin films and Pt clusters 
on graphene/Rh(111) [5, 6]. Furthermore, catalytic 
activity is related to the local charge state, and the 
catalytic activity of Au clusters on a MgO substrate 
can be enhanced by locally charging the substrate 
[7]. The ratio of neutral to cationic Pt atoms in the Pt 
nanocluster(NC) was found to be strongly correlated 
with the CO oxidation activity [8].
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Palladium (Pd) catalyzes the conversion of pol-
luting hydrocarbons, carbon monoxide, and nitro-
gen oxide in automobile exhaust to water, carbon 
dioxide, and nitrogen in catalytic converters, respec-
tively [9]. Pd nanoparticle (NP) catalysts have high 
performance for sustainable liquid-phase reactions 
[10]. Pd NCs are introduced to the catalytic system 
for catalyzing the CO +  O2 reaction at 300 K [11]. 
In addition, theoretical calculations have shown that 
in Pd NCs of ∼4 nm diameter, the edge and corner 
sites have a good activity [12]. However, the atomic 
resolution of Pd NPs has not been investigated on 
the  Al2O3/NiAl(110) surface at room tempera-
ture (RT), which is vital for understanding the CO 
adsorption sites in heterogeneous catalysis.

To date, the adsorption of a single CO molecule 
on transition metal NPs is characterized by vari-
ous of averaging techniques. It was demonstrated 
by infrared multiple photon dissociation (IR-MPD) 
spectroscopy that the CO molecule only shows the 
top binding of both nickel and platinum, whereas 
Pd clusters exhibit various of binding sites [13]. By 
using the STM technique, the adsorption sites and 
manipulation processes can be investigated, which 
enables the individual visualization of CO mol-
ecules [14]. Non-contact atomic force microscopy 
(NC-AFM) has been used to quantify the force per-
formance required to move CO laterally, the inter-
action between a CO molecule and an adatom or 
another CO molecule, and the manipulation of its 
tilting [15–19]. Furthermore, some studies have 
shown the CO adsorption sites on a metal surface 
on basis of molecular orbital principles in terms 
of DFT or on a single Pd-Fe3O4 catalyst by STM 
in real time [20, 21]. More recently, CO-terminated 
tips have been used to probe chemical binding 
forces on single Fe atoms to elucidate the individ-
ual atoms chemical reactivity within flat Fe clusters 
depending on the coordination number of the inves-
tigated atom [22]. Actually, the CO molecule can be 
activated at RT with the Pd NC participation, there-
fore, the spatial visualization CO molecule adsorp-
tion sites on the NC is a challenge.

In this work, we performed the NC-AFM and 
KPFM to investigate the adsorption behavior of CO 
molecules on a Pd/Al2O3/NiAl(110) surface with 
atomic resolution at RT. We found the preferential 
adsorption site of CO molecules, which was analyzed 
by DFT calculation.

Experimental methods

NC-AFM

The experiments were performed using a home-built 
NC-AFM system under ultrahigh vacuum at RT 
[23–25]. An Ir-coated Si cantilever (NANOSEN-
DORS) with a resonance frequency of 1.13 MHz was 
used. The NC-AFM system was used in the fre-
quency-modulation detection method with a constant 
oscillation amplitude (800 pm) [26–28]. All images 
were obtained in the constant-frequency mode. Elec-
trostatic force ( Fω ) between the AFM tip and sample 
is given by Fω = −

�C(z)

�z
(VDC − VCPD)VACsin(�t) , 

where z is the direction normal to the sample surface, 
VCPD is the potential difference and C is the capaci-
tance between tip and sample surface separately.VDC 
nullifies the oscillating electrical forces that origi-
nated from CPD between tip and sample surface. In 
our case, the local contact potential difference 
(LCPD) voltage can be determined with a feedback 
loop using KPFM.

Sample preparation

The NiAl(110) surface was prepared by cyclic of Ar 
ion sputtering and annealing at 1000 °C. The alumina 
thin film was obtained by exposing 1000 L of  O2 to 
the NiAl(110) surface, followed by annealing at 380-
400 °C. Pd was evaporated onto alumina thin film 
surfaces using an electron beam evaporator (Omicron 
EFM 3) at RT. The deposition rate of the evaporator 
was 6.4×1017 atoms/cm2 ⋅ s (about 0.13 ML/min) for 
2 min. CO molecules (purity 99.9%) were dosed as 
received via a high precision UHV leakage valve. The 
CO pressure was controlled using the ion gauges.

DFT calculation details of CO adsorption on Pd/
alumina-NiAl (110)

A periodically repeated slab model was used to inves-
tigate the CO adsorption on Pd cluster supported 
alumina-NiAl (110) surface within the generalized 
gradient approximation using Quantum-ESPRESSO 
package [29, 30]. The generalized gradient approxi-
mation was adopted by the Perdew-Burke-Ernz-
erhof (PBE) density functional to describe elec-
tronic exchange and correlation [31]. The surface 
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was modeled using an alumina-NiAl (110) [32, 33] 
with a  Pd24+13 cluster (Pd-Pd bond length of 2.75 
Å) adsorbed on the surface [34, 35]. The model was 
calculated for the two layers of alumina which were 
formed by a parallelogram-shaped supercell with two 
oxide unit cells placed onto 33 NiAl unit cells. The 
alumina atomic coordinates were determined by pre-
vious theoretical studies combined with AFM/STM 
results [33, 37, 38]. The position of the 37 Pd atoms 
on the alumina subtract was determined based on the 
AFM result after relaxed geometries. The Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm has 
been used for geometry optimizations, with residual 
forces as 0.01 eV/Å and 5.4 ×10−4 eV energy varia-
tion [36, 37]. In the z direction, slabs were separated 
from their periodic images by a 15 Å vacuum gap. 
Wave functions were expanded in plane waves with a 
kinetic energy cutoff of 400 eV.

Results and discussion

Figure  1 shows a large-area NC-AFM image of Pd 
NCs deposited on an  Al2O3/NiAl surface, which 
contains a series of line defects. The line defects 
are nucleation sites and act as the electron transfer 
pathway of the  Al2O3/NiAl(110) surface at RT [33, 
38–40]. Here, bright spots indicate Pd nanoclusters, 
dashed lines indicate line defects and the dark con-
trast indicates the NiAl substrate; the others are  Al2O3 
domains. Next, we exposed CO molecules and inves-
tigated their adsorption behavior in the same area.

Figure  2 shows topographic AFM and CPD 
images simultaneously on Pd/Al2O3/NiAl sur-
face. Figure  2(a) and (b) show topographic AFM 
images obtained before and after CO adsorption, and 
Fig.  2(c) and (d) show CPD images corresponding 
to Fig.  2(a) and (b). After CO molecule adsorption, 
the size of some Pd NCs on the terrace become small 
as shown by white arrows in Fig.  2(b) and the cor-
responding CPD contrasts become dark in Fig. 2(d), 
whereas the Pd NCs become large on the terrace as 
shown by black arrow in Fig. 2(b) and the CPD con-
trast becomes bright in Fig.  2(d). We found that Pd 
NC has almost no change in size on the line defect 
compared with that on terrace as shown by dot circle 
in Fig. 2(b). In Fig. 2(c), before CO molecule adsorp-
tion, Pd NCs adsorbed on line defect and terrace show 
bright contrast in CPD image, which are negatively 

charged and consistent with the previous results [38, 
39]. In Fig.  2(d), after CO molecule adsorption, the 
Pd NCs show dark contrast, which indicated the posi-
tive or neutral charge state. To obtain insight into the 
adsorption activity after CO exposure to Pd/Al2O3/
NiAl surface, the enlarger images were taken in 
Fig. 2(e) and (f). After CO exposure, more CO mol-
ecules as dark spots prefer to adsorb on Pd NC on line 
defect than on terrace as shown in Fig. 2(e). We found 
that CO molecules adsorbed on top of Pd NC on line 
defect, whereas CO molecules adsorbed on edge Pd 
NC on terrace. In addition, CO adsorbed Pd NC on 
line defect as the bright contrast was obtained in the 
CPD image whereas dark contrast on the terrace as 
shown in Fig. 2(f). This result reveals more negatively 
charged on line defect and more positively charged 
or neutral charge state on terrace. Note that it is dif-
ficult to identify the details of CO preferably adsorp-
tion site on Pd NC on line defect in Fig. 2(e). While, 
it is easy to clarify CO preferably adsorption site on 
edge of Pd NC on terrace because of more numbers 
of CO adsorbed on edge than on top of Pd NC. To get 
the more information of CO molecules on Pd NC, we 
will investigate the line profiles before and after CO 
adsorption on Pd NC and measure the force curves in 
the next.

Al2O3 

Pd NC 

NiAl 

line defect 

50 nm 

Fig. 1  Topographic AFM image of Pd/Al2O3/NiAl surface at 
room temperature. Bright dot: Pd nanoclusters. Dashed line: 
line defect. Parameters: constant-Δf mode, f0 = 1.12 MHz, Q = 
3304, A = 800 pm, and size: 180 × 180  nm2
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Figure  3(a) and (b) show the topographic AFM 
images of Pd NCs on line defect before and after CO 
molecules adsorption and corresponding line profiles 
in Fig. 3(c) and (d). We found that the height of the 
Pd NCs decreased after the CO adsorption marked by 
blue arrows in Fig. 3(c). Because the attractive inter-
action between tip with Pd is stronger than that with 
CO molecule. The bond length of CO on the Pd NCs 
is around 60 pm, which is smaller than that in the 
gas phase [18]. In addition, the force curves on top 
of the CO molecule and  Al2O3 surface were shown 
in Fig. 3(e), the inset indicates the interaction model 
between the tip and the CO molecule according to the 
previous theory [41]. The force curve on the CO mol-
ecule shows two minima at various tip sample dis-
tance compared with surface, which can be assigned 
to the physisorption and chemisorption minima, as 
shown by previous results and the theory [19]. Thus, 
this feature represents the interaction between O-ter-
minated CO and metal atoms, which can be used to 
distinguish the CO molecule. The force deconvolu-
tion method was proposed by Sader [42]. The mini-
mum force is 0.68 nN, which is related to the coordi-
nation number of the investigated CO molecule. Next, 
we will investigate CO adsorption with different CO 
exposing time.

To clarify CO preferably adsorption site on edge 
of Pd NC on terrace, we investigated CO adsorp-
tion with different CO exposing time. The result is 
shown in Fig. 4, in which we found that CO gradually 
adsorbs on edge of Pd NC on the terrace as shown 
by dot circles. The number of adsorbed CO molecules 
affects the electronic properties of the Pd NC, which 
can be interpreted from the CPD image in Fig. 2(f).

To get more information of CO adsorption sites, 
we performed consecutive scanning topographic 
AFM images of CO molecules on Pd/Al2O3/NiAl 
surface with recording every 20 min after 90 min of 
CO adsorption. Figure 5(a) - (e) are the result of topo-
graphic images in the constant-frequency mode. The 
adsorption and desorption of CO molecules on the 
Pd NC can be found with scanning times. Here, CO 
molecules are imaged as a depression contrast on dif-
ferent sites of the Pd NC in the AFM images, owing 
to the repulsive interaction with the tip apex. Fig-
ure 5(f) - (j) are schematic models of CO adsorption 
on two layers of the Pd NC, according to experimen-
tal results. Figure  5(k) - (o) show the AFM images 
with the models which match each other well. A con-
trol experiment without CO exposure was done which 
showed no change in the Pd NC structure within 

(e)

(f)

Pd NC

Before CO

Topo.

CPD

(a)

(d)

10 nm

(c)

After CO
(b)

2 nm
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line defect 0 
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Fig. 2  Topographic AFM and CPD images of Pd/Al2O3/NiAl 
surface. Topographic AFM images obtained (a) before and 
(b) after CO adsorption with 30 min under the pressure of 
1 × 10

−6torr . CPD images obtained (c) before and (d) after CO 
adsorption. (e) and (f) Enlarger images of rectangles in (b) and 
(d), respectively. White arrows: the Pd NCs become small in 

(b) after CO adsorption. Blue arrow: line defect, black arrow: 
Pd NCs become large in (b) after CO adsorption and dark 
spots: CO molecules in (e). Parameters: constant-Δf mode, f0 = 
1.12 MHz, Q = 3304, VAC = 500m V, fAC = 190 Hz. Size: 85 × 
58  nm2. Enlarger size: 8.8 × 5  nm2
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90 mins. Furthermore, we calculate and assign the 
adsorption sites of the CO molecule as shown below.

The CO adsorption model of the Pd NC on the 
 Al2O3 surface was proposed on the basis of DFT cal-
culations in Fig. 6. Figure 6(a) is the top view of two 
layers of Pd NCs adsorbed on the  Al2O3 surface. Fig-
ure 6(b) - (e) are the side views of the CO molecule 
adsorbed on the top site, bridge site, step_111 site, 
and step_110 site on the Pd NC, respectively, and the 
carbon atom attaches to the Pd atom to form O termi-
nation [27, 28]. In the calculation model, the O atoms 
and C atoms of CO molecules are indicated in red and 
brown balls, the first and second-layer Pd atoms are 
indicated by grey and yellow balls, and the Al and O 
atoms of  Al2O3 the surface are indicated by green and 
black balls, respectively. We concluded that the adsorp-
tion of CO molecules is distributed on the top, bridge, 
step_110, and step_111 sites of the Pd NC. This con-
sistent with the experimental results shown in Fig. 5

Theoretical studies of CO molecule adsorption 
sites on alumina supported Pd cluster were pro-
posed. The CO adsorption energies ( Ea ) are com-
puted from the difference of total energies of the 
Pd/alumina slab + CO adsorbate system and the 
noninteracting clean Pd/alumina slab and gas-
phase CO molecule in Eq. 1. As shown in Table 1, 
the adsorption energy at the top, bridge, step_111 
and step_110 are -2.95, -3.68, -1.66 and -1.07 eV, 
respectively. This result indicates that the most sta-
ble adsorption site of CO molecule is the bridge 
site, followed by the top site. And the most unstable 
adsorbed site was step_110. Our experiment results 
matched DFT calculations and eventually dissoci-
ates from step_110 and finally forms a stable struc-
ture adsorbed at the bridge site.

Ea = ECO∕Pd∕Al
2
O

3
− ECO − EPd∕Al
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Fig. 3  Topographic AFM images obtained before (a) and after 
(b) CO adsorption on Pd/Al2O3/NiAl surface. (c) and (d) Line 
profiles corresponding to (a) and (b), respectively. (e) Force 
curves on sites of CO and  Al2O3

(a) 30 min (b) 60 min

2nm 

(c) 90 min

Fig. 4  Topographic AFM images after CO adsorption on Pd/Al2O3/NiAl surface with different CO exposing time. a 30 min of CO 
adsorption ( 1 × 10

−6torr ), b 60 min, c 90 min. The CO molecules marked by dot circles increase with adsorption time
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Fig. 5  (a-e) Consecutive scanning topographic AFM images 
of CO molecules on Pd/Al2O3/NiAl surface at RT with record-
ing every 20 min after 90 min of CO adsorption ( 1 × 10

−6torr ). 
(f-j) Schematic models of CO adsorption on two layers of Pd 

NC. (k-o) AFM images with models. Red ball: CO; gray ball: 
Pd atoms in the first layer; yellow ball: Pd atoms in the second 
layer. Imaging parameters: constant-Δf mode, f0 = 1.12 MHz, 
Q = 3304, and size: 4×4  nm2
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O of CO
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Pd 1st layer
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Fig. 6  Model of Pd NC on  Al2O3 surface. a Corresponding schematic model of top view of Pd NPs on  Al2O3 surface. Side views of 
CO molecule on top site (b), bridge site (c), step_111 site (d), and step_110 site (e) 



J Nanopart Res (2023) 25:138 

1 3

Page 7 of 8 138

Vol.: (0123456789)

Conclusions

We have investigated the adsorption behavior of 
CO molecules on Pd/Al2O3/NiAl(110) with atomic 
resolution by NC-AFM/KPFM at RT. We found 
that CO molecules are preferentially adsorbed on 
the Pd NC on line defects. Furthermore, from the 
CPD result, we found that the CO on the Pd NC is 
negatively charged. Combing experimental results 
with the DFT calculations, we found the most stable 
adsorption CO molecule is the bridge site, followed 
by the top site. And the most unstable adsorbed site 
was step_110. This result reveals that the electronic 
and geometric properties of Pd NCs and CO mole-
cules are expected to provide insight into the mech-
anism of Pd-based heterogeneous catalysis.
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