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Introduction

Surface enhanced Raman spectroscopic studies on
the adsorption behaviour of nitric oxide on a Ru
covered Au nanoparticle film

Ming Ge,® Qian Wu,? Lu Yin,® Minmin Xu,?® Yaxian Yuan,*® Qinghua Guo®
and Jianlin Yao @ *@°

Nitric oxide (NO) is very interesting because of its effects on air pollution and especially biological systems.
The adsorption behavior of NO molecules has fundamental importance with great technical challenges due
to complex processes and species identification. Herein, the NO adsorption behavior on a Ru surface has
been investigated using well-designed surface enhanced Raman spectroscopy (SERS) substrates. A Au
nanoparticle monolayer film on ITO was employed as the electrode and Ru layers were
electrochemically deposited. The internal SERS effect from the Au nanoparticles with high sensitivity and
the metallic surfaces of Ru with practical application were integrated into a composite Au/Ru substrate.
The molecular adsorption and dissociation of NO were observed simultaneously by SERS. A competitive
relationship between adsorption and dissociation was observed at higher NO pressure, and the 3-fold
and 2-fold bridge and top adsorption configurations appeared on the surface and were associated with
different vyo vibrational frequencies. The results indicated that 3-fold bridge sites are preferred for
dissociation over other structures. The dissociation of NO produced adsorbed atomic nitrogen and
oxygen species to form Ru—N and Ru-O bonds, respectively. The dissociation process, especially for
linear NO, was site dependent and blocked at higher pressure or coverage. Due to the change in
adsorption energy and coverage, a conversion of the adsorption configuration from bridge to top was
observed in the initial stage of NO adsorption, and this was followed by a mixture of bridge and top
configurations of NO and dissociated species. A two-step dissociation mechanism and the steps of NO
adsorption were proposed. The present study suggested that the SERS technique with appropriate
attractive metal overlayers provided a significant and possibly even a valuable approach to explore
adsorption behavior and kinetics at gas—solid interfaces.

For many years, various techniques have been developed for
the detection of NO, such as fluorescence,”” chem-

Nitric oxide (NO) is a naturally produced free radical in the
human body. The misregulation of NO always leads to various
diseases, such as inflammation,* neurological disorders® and
cancer.® Moreover, NO is one of the most common air pollutants
released in the combustion of fossil fuels, which causes harm to
both human health and the environment.*® From a medical
point of view as well as an industrial perspective, the detection
and determination of NO in a rapid, highly sensitive way is an
important and significant challenge.
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iluminescence,® electron spin resonance spectrophotometry,’
colorimetry' and electrochemical methods.'*> Among these
methods, fluorescence and electrochemical techniques have
become powerful tools for the investigation of this radical
species. The fluorescence approach allows in situ detection, but
it is susceptible to photobleaching and phototoxicity.** Elec-
trochemical detection is a feasible method for measuring NO
owing to the small electrode size, non-destructive mode of
analysis, and minimal or no reagent requirements. For
instance, semiconducting metal oxides are the most widely
used gas sensors due to the remarkable change in their elec-
trical conductivity in gaseous atmosphere."* However, these
techniques have limited applicability in complex media, and
exhibit long reaction times, and low sensitivity and selectivity.
In contrast, high sensitivity and selective detection make
surface enhanced Raman spectroscopy (SERS) widely used in
surface science, sensing, and in situ monitoring of chemical
reactions.”™® SERS-based sensors allow the continuous,
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precise, and real-time detection of NO. So far, the SERS-based
measurement of NO in living cells has been achieved through
integrating SERS-active nanostructures with Raman reporter
molecules. After the reaction between the reporter and NO, the
changes in the spectral features allow us to recognize NO.'**
These achievements demonstrated that SERS could be devel-
oped as one of the powerful tools for the real-time and in situ
monitoring of NO.

The Group VIII metals are of particular interest for catalytic
oxidation reactions in the gas phase. For example, Ru based
catalysts have attracted considerable attention due to their
excellent performance in various practical catalytic reactions.**
Moreover, Ru is the most active metal among the three Group
VIII metals.”* Several investigations have been performed to
elucidate the adsorption and reaction of NO on Ru surfaces.
Thomas presented two adsorption types for NO on the Ru (001)
surface with different activation energies for dissociation.*
Reed reported chemical evidence that NO was primarily adsor-
bed associatively on Ru (101) at 300 K and suggested that the
dissociation reaction was sensitive to the surface crystallog-
raphy.”* To date, there is still a great deal of disagreement
regarding the detailed NO structure at metal surfaces because of
the distinction between molecular and dissociative adsorption.
For example, an infrared absorption spectroscopic investigation
of adsorbed NO/Ru (001) demonstrated the absence of spectral
features associated with the triple-bridge bonded NO species.*
Low energy electron diffraction (LEED) and photoelectron
diffraction studies demonstrated that assignment of the
adsorption configuration of NO was ambiguous based on the
frequencies of the NO stretching vibrational mode.**?*
However, to solve these problems, SERS as a “fingerprinting”
information tool provides a direct and viable method for
studying molecular adsorption at metal surfaces.

In this study, SERS investigations of the NO adsorption
kinetics at gas-Ru interfaces were performed. A Ru layer was
electrochemically deposited onto an Au nanoparticle monolayer
film to form Au/Ru composite nanostructures. The giant SERS
effect of the inner Au nanoparticles enhanced the surface Raman
signal of NO adsorbed on the external Ru surface through the
long distance enhancement effect. SERS with high surface
sensitivity provides direct evidence at the molecular level. Thus, it
allows good understanding and reinterpretation of the NO
adsorption and dissociation behaviors. It is believed that the
present SERS-based technique provides a new approach to
screening real NO-metal catalytic systems at a fundamental level.

Experimental
Chemicals

Nitric oxide (99.99%) was obtained from Shanghai WuGang Gas
Co. Ltd. and used without further purification. HAuCl,-4H,0,
RuCl;, and sodium citrate were purchased from Shanghai
Reagent Co. Ltd. Indium tin oxide (ITO) was purchased from
CSG Holding Co. Ltd. Polyvinylpyrrolidone (PVP, M,, = 10 000)
was supplied by Sigma. All chemicals used were of analytical
reagent grade. Milli-Q water (18.2 MQ cm) was used for all
experiments.
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Apparatus

The experiments were conducted by using a self-built gas-flow
apparatus. The SERS substrate was fixed at the bottom of the
glass chamber with a magnetic sheet stuck in the middle, while
being held parallel to an optical glass viewport mounted on the
detector channel. The objective lens of the Raman spectrometer
can be extended up and down in the detection port. The gas flow
was detected in situ by a digital barometer. A three-way valve was
connected to the inlet of the chamber for controlling the flow
rate. The sample chamber was evacuated to 10~ ° torr by
a mechanical pump before the SERS measurements.

SERS experiments were performed by using a Jobin Yvon
LabRam HR800 from HORIBA. The incident power of a He-Ne
laser of 632.8 nm is ca. 5 mW on the SERS substrate. The
objective lens was 50 x with a working distance of 8 mm. The slit
width and the confocal hole were 100 pm and 400 um, respec-
tively, to achieve a reasonable confocal performance. The elec-
trochemical measurements were carried out on a CHI660B
electrochemical workstation (Shanghai Chenhua) in a three-
electrode system. All electrode potentials are quoted versus the
saturated calomel electrode (SCE) and the measurements were
made at room temperature.

The SERS substrate

A composite Au/Ru nanoparticle film supported on a 0.25 cm?
ITO surface was used as the SERS substrate. An Au nanoparticle
monolayer film with excellent monodispersion was fabricated
based on our previous studies.”® Briefly, Au nanoparticles with
the diameter of about 35 nm were prepared using the seed
growth method. Then, the Au monolayer film was assembled by
the formation of binary colloidal monolayers at the air-water
interface. Finally, it was transferred onto an ITO wafer by the
dip-coating method, thus the thickness of the monolayer film is
the same as the diameter of the Au nanoparticles. The ITO/Au
substrate was then electrochemically polished at a potential of
1.4 V for 10 s and roughened in 0.1 M HCI for 30 s. The elec-
trodeposition of the metal overlayers was performed by using
1 mM RuCl; and 0.1 M HCIO, solutions. The Ru film was
electrodeposited by the galvanostatic method at a constant
current of 0.1 mA.

Results and discussion
Optimization of the SERS activity of the Ru overlayers

After the substrate was placed in the reactor, the chamber was
evacuated to less than 10> torr and then filled with NO gas with
a flow rate of about 15 mL min~". Generally, it was not possible to
detect the species adsorbed on the pure Ru surface because of its
poor SERS activity. Alternatively, using the borrowing strategy,
the Raman signal of molecules adsorbed on the Ru surface was
significantly enhanced by the SERS effect from the Au nano-
particles inside. However, the thickness of the Ru layers on the Au
nanoparticles became a critical factor for the SERS effect. It is
essential to consider dual effects in investigations of the
adsorption at Ru surfaces. A thicker Ru layer on the Au nano-
particles allowed the material to exhibit similar metallic

This journal is © The Royal Society of Chemistry 2020
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properties to bulk Ru. Unfortunately, a thicker layer of Ru brings
about significant damping of the SERS effect originating from the
Au nanoparticles underneath. A thinner layer resulted in a slight
difference in the electronic state of the Ru overlayer compared
with the bulk material. However, the high catalytic activity orig-
inates from the first several atomic layers rather than the total
bulk metal, and nanostructures are always employed in heter-
ogenous catalysis. Therefore, it is essential to balance the SERS
effect and the metallic properties of Ru in the fabrication of Au/
Ru films. As seen in Fig. 1, electrochemical depositions of Ru
with different durations were performed to examine the optimal
Ru thickness for SERS detection, and SERS spectra were collected
after the adsorption of NO gas for 2 min and 8 min. Two peaks in
the relatively low frequency region were observed at ca. 250 cm ™
and 315 cm™' with a broader FWHM (full width at half
maximum) (Fig. 1A and B). Mamede and co-workers presented
the Raman assignments of various N-containing adsorbed
species over Pd and Pt surfaces during the CO-NO reaction. The
band at 240 cm™ " was attributed to the Pt-NO stretching mode.*
Weaver reported real-time voltammetric SERS to reveal the elec-
trochemically formed oxides on Pt and the band at 250 cm ™" was
tentatively attributed to the M-NO vibration.** Neyman investi-
gated the high-resolution electron energy loss spectroscopy
(EELS) of NO/Ru (001) adsorption complexes by using the orbital
local density functional model, defining 250 cm™* as w(Ru-NO)
of the Ru-NO cluster.* Therefore, it was reasonable to assign this
bands to the Ru-NO bond. The intensity of the peak at ca.
250 cm~ ! was dependent on the deposition duration of the Ru
overlayer and the adsorption time of NO, i.e. it increased at longer
deposition times, and reached a maximum when the duration
was about 13 s (as shown in Fig. 1C). Therefore, an Au/Ru film
fabricated with this optimal process was used as the appropriate
SERS substrate in the following studies. By a rough estimation
based on the electrochemical reaction, the preferred thickness of
Ru is about two layers for the deposition duration of 13 s. The
occurrence of the band at 315 cm™ " indicated the complexity of
the surface adsorption of NO, and the detailed investigation and
assignments are presented in the next section. Indeed, when the
thickness of the Ru layer was increased in the electrodeposition
process, the following two negative effects should be pointed out:
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Fig. 1 Optimization of Ru layer thickness for different deposition
times. SERS spectra of NO with different adsorption times of (A) 2 min
and (B) 8 min were selected. (C) Statistical diagram of the Ru—NO band
for different deposition times.
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(i) it resulted in more lattice mismatch,* which contributed to
stronger forces between NO molecules and increasing probability
of NO desorption from the surface. This could be understood in
terms of the blue-shift in the Ru-NO peak frequency from
253 cm™ ' to 257 em . (ii) It caused a damping of the SERS effect
due to the weakening long distance enhancement.***

NO adsorption on Au/Ru film

In order to obtain deeper insight into the behaviour and
kinetics of NO adsorption, time dependent spectra were
acquired following NO dosage. The time shown for each spec-
trum in Fig. 2 refers to the end of each accumulation period.
The corresponding spectra including the intramolecular
N-O and the metal-NO vibrational modes are presented sepa-
rately as shown in Fig. 2. In the low frequency region (Fig. 2A),
the spectra were dominated by an intense band at 250 cm ™"
assigned to Ru-NO, together with broader and weak bands at
315 cm ™' and 470 cm™'. The spectral feature of the Ru-NO
band at 250 cm™ ' changed unambiguously on increasing the
duration of NO introduction, i.e. a gradual downward trend in
intensity and a red-shift in frequency were observed. This
mainly originated from a reinforcement of the intramolecular
interactions of NO. The spectral feature of the N-O stretching
vibrational mode was affected by the dynamic dipole-dipole
coupling effect between the adsorbed NO molecules, which
induced a blue-shift of the N-O band frequency, i.e. a strength-
ening of the intramolecular interactions of NO. Weaver and co-
workers observed the dissociation of NO on a metal surface to
produce atomic nitrogen.***” The band located at about
315 cm ' was associated with the adsorption of atomic
nitrogen, and it was assigned to the Ru-N stretching vibrational
mode. Its intensity increased quickly in the initial stage of NO
introduction followed by a slight change over the whole dura-
tion (Fig. 3B). Based on the above fact, it was reasonable to
assume that the NO dissociation reaction occurred and
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Fig. 2 Time dependent SERS spectra of an Au/Ru substrate exposed
to NO gas. (A) Low frequency region; (B) high frequency region. (a)
2 min; (b) 6 min; (c) 10 min; (d) 14 min; (e) 18 min; (f) 22 min; (g) 26 min;
(h) 30 min; (i) 34 min; (j) 38 min.
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produced atomic nitrogen. The observation of the band at about
470 cm™* was also associated with the Ru-NO bond, and it was
demonstrated that it originated from the other product ob-
tained during NO dissociation.

Although the structure of the diatomic NO molecule is
simple, understanding the surface adsorption and the reaction
of NO at Ru surfaces still remains a significant challenge. A
rather simple view of NO adsorption was obtained from NO
dissociation by Rhodin and co-workers.*® They demonstrated
that the NO adsorption chemistry on metal surfaces was very
complex, and a large number of NO adsorption configurations
were proposed. They assigned a broad range of N-O stretching
frequencies, ranging from 1300 cm ™" to 1900 cm ™, resulting in
difficulties in assigning a specific adsorption configuration.
Brown has reported the observed vibrational frequencies and
assignments of surface adsorbates.* In particular, the adsorp-
tion of NO was classified into four configurations of 3-fold
bridge (with three Ru atoms), 2-fold bridge (with two Ru atoms),
top and bent, giving rise to different vibrational frequencies.
Fig. 2B presents the real-time SERS spectra in the high
frequency region simultaneously. According to calculations and
experiments,®****> the bands observed in this region were
assigned as follows: the band at 1345 cm ™' was attributed to the
3-fold bridge site; the band at 1600 cm ™' was assigned to the 2-
fold bridge site; and the band at 1830 cm ™' was associated with
the top site (linearly-bonded) configurations. As shown in
Fig. 3A and 4A, the frequency of the Ru-NO band was red-
shifted from 253 cm™' to 245 cm™ ', while the rn_o bands
were blue shifted in the initial stage, indicating enhancement of
the intermolecular forces with increasing NO adsorption. One
could find that the intensities of the bands associated with the
3-fold and 2-fold configurations were gradually decreased
(Fig. 4B). The intensity of the band for top adsorption exhibited
a similar decreasing tendency in the later stage. The decrease in
the intensities of the NO associated bands indicated that the
active adsorption sites were partially occupied by various other
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Fig. 3 Peak intensity and frequency—time profiles of NO adsorbed on
Au/Ru surfaces in the low frequency region. (A) 250 cm™ band; (B)
315 cm™* band.
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structures such as dissociation products during the NO expo-
sure time. In addition, a slightly broad feature centred at ca.
470 cm™ " was observed after NO exposure. It was attributed to
the formation of Ru-O due to oxidation of the Ru surface. It was
consistent with the formation of RuO,,** resulting in the
decrease in intensity as mentioned above. It also demonstrated
that the dissociation of NO on Ru surfaces produced atomic
nitrogen to form Ru-N and oxygen species to form Ru-O.

Generally, molecular adsorption on a surface involves the
preferred sites, the axial geometry and interatomic spacing,
which play critical roles in molecular reactivity. With further
examination, the changes in frequency and intensity (Fig. 4)
suggested a dynamic change in the NO structures. As mentioned
above, three peaks were observed at 1345 cm ™', 1600 cm ™" and
1830 cm ', With increasing NO exposure time, the peak at
1344 cm™ " was blue-shifted to 1350 em ™" in the first 10 min due
to increasing adsorption of NO molecules in the 3-fold bridge
configuration. After that, its frequency was evidently red-shifted
from 1350 cm™ " to 1340 cm™ ' during the next 25 min.

This suggested that the number of adsorbed molecules in the
3-fold configuration decreased along with its dipole moment. For
a clear description, it is worth comparing the frequencies and
intensities of different N-O bands. In the case of the 2-fold bridge
and top sites in the relatively high frequency region, it was found
that the peaks increased slowly and took a long time to achieve
a stable state. Additionally, the band at about 1818 cm ™" assigned
to top site adsorption was blue-shifted by 29 cm™* to 1847 cm™*
and its intensity increased in the first 20 min. However, for the
same duration, the intensities of the bands associated with the 3-
fold and 2-fold bridge configurations decreased significantly (as
shown in Fig. 4Ba and b).

Obviously, the intensities of the bands relevant to the 3-fold
and 2-fold bridge configurations decreased remarkably during
the initial 15 min. Nevertheless, the band attributed to top site
adsorption exhibited relatively small changes in intensity, and
the absolute intensity of this mode was weaker than that of the
other two bridge modes. Though the dynamic dipole coupling
caused a screening effect on the electric field, the decrease in
the intensities of the 2-fold and 3-fold bands is attributed to the
replacement of active adsorption sites and the transformation

This journal is © The Royal Society of Chemistry 2020
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of adsorption modes. As the number of bridge bonded mole-
cules gradually decreases, the corresponding screening effect of
dipole-dipole coupling on the electric field is reduced. This
results in minor fluctuations in both the 2-fold and 3-fold bands
in the later stage. Moreover, it should be noted that the intensity
of the 2-fold band was found to be damped even more than that
of the 3-fold band before stabilization. This indicated that 2-
fold bonded molecules have a closer distance between them
than 3-fold bonded molecules, resulting in a stronger molecular
force as well as the screening effect.

However, compared to other weakly adsorbed dipolar
molecules like carbon monoxide (CO), NO has only one
unpaired m-electron. Therefore, the dissociation energy (6.529
eV) of the free molecule is much lower than that of CO (11.152
eV). This brings about richer chemisorption states and surface
reactions of NO molecules on metal surfaces.?* Hence, there is
a great probability of finding both molecular and dissociated
NO species on Ru surfaces. NO donates its 27t* electron to the
surface or accepts electron density from the surface into the
half-filled 27* orbital. On the one hand, it could be assumed
that the dissociated NO species occupied the adsorption sites
which blocked the adsorption of NO molecules. As a conse-
quence, the N and O species remained on the Ru surface
together with a small amount of top site adsorption. On the
other hand, the bridge bonding could be replaced by top site
adsorption with varying coverage.*>** Since the lower frequency
bands (1345 cm ™" and 1600 cm™ ') became saturated before the
equilibrium adsorption of the top state (1830 cm ™), these N-O
bands were assumed to be due to different adsorbed species.
Therefore, it was concluded that conversion of the adsorption
configuration from bridge to top occurred in the initial stage,
followed by mixed adsorption involving bridge and top config-
urations of NO and dissociated species.

Moreover, good understanding of the origination of this
conversion is highly desired. A similar phenomenon has also
been observed in NO adsorbed on Pt surfaces.*>*® It suggested
that top site adsorption occurred at high coverage when the
lateral repulsion between neighbouring bridged NO molecules
became larger than that between top site adsorbed NO mole-
cules. Meanwhile, various theoretical simulations have been
performed to elucidate what caused the dramatic alteration in
the vibrational spectral features. King reported that the 3-fold
bridge sites required stronger adsorption energy than any of the
others for NO on Pt (111),*” i.e. the sequence of the stability of
adsorption configurations is: 3-fold > 2-fold > top. DFT calcu-
lations on NO adsorption on Pd and Rh surfaces demonstrated
that the 3-fold sites became the most stable at lower
coverage.**® At higher coverage, the 3-fold and top configura-
tions coexisted/coadsorbed on both Pd and Rh surfaces.
Consequently, adsorption energies and coverages are the
dominant reasons for the above-mentioned experimental facts.

The adsorption of NO at different pressures

Actually, the effect of total pressure on the adsorption behaviour
is also considered as an important issue. To clearly describe this
effect, controlled pressure dependent SERS measurements were

This journal is © The Royal Society of Chemistry 2020
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performed at pressure differences varying from —80 kPa to —20
kPa for an adsorption time of 10 min. Some changes in the SERS
spectra acquired at lower pressures were found compared with
those obtained at atmospheric pressure. As seen in Fig. 5,
a broad yet prominent feature at ca. 315 cm ™' appeared at the
pressure difference of —80 kPa, due to the adsorbed N atoms
from the dissociation process, while the N-O bands were blue-
shifted obviously. However, an extremely weak feature appeared
at 255 cm~ ', demonstrating the occurrence of NO adsorption.
Most notably, there was a significant increase in the intensity of
the vgry-no feature and a red-shift tendency for vg,n with
growing total NO pressure.

The NO pressure dependent frequency and intensity profiles
are presented in Fig. 6. The frequencies of the bands assigned to
both Ru-NO and Ru-N (Fig. 6A) exhibited significant red-shift
due to the increase in dipole-dipole coupling through NO
molecular repulsion. Specifically, the relative intensities of
Lis em-/Iso em—t gradually diminished with further increasing
NO pressure (Fig. 6B). This indicates that there is competitive
adsorption and/or co-adsorption between the NO dissociative
chemisorption products and chemisorbed NO. The more intense
the NO dose, the stronger the adsorption capacity of chem-
isorbed NO. The spectral features in the high frequency region
(Fig. 5B) also revealed that the intensity of the N-O vibrational
mode increased with the increase in pressure, along with a blue-
shift in frequency. The blue-shift is primarily a result of the
vibrational dipolar coupling of increasing numbers of parallel
and adjacent NO molecules. However, at higher pressures, NO
molecular adsorption was anticipated to be facilitated and
dissociation was deactivated, and so the adsorption process
became dominant. This issue has indeed been the focus of
several reports in the literature and has been found to be
coverage or pressure sensitive.”*** For example, Oh et al. claimed
that the Rh (111) surface was dominated by adsorbed nitrogen
under UHV conditions,* while Hecker assumed a NO-dominated
surface on silica-supported Rh at near-ambient pressures.*
Furthermore, it has been found that at higher pressure or
coverage, the larger repulsions between adatoms blocked disso-
ciative adsorption. From an energetic point of view, molecular
NO is thermodynamically more stable than dissociated NO at
higher coverage.*® This suggested that NO dissociation required
empty sites, and a two-step dissociation mechanism was

21
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Fig. 5 SERS spectra of NO adsorption at various pressure differences
relative to atmospheric pressure: (A) low frequency region; (B) high
frequency region. (a) —80 kPa; (b) —60 kPa; (c) —40 kPa; (d) —20 kPa;
(e) O kPa.
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proposed accordingly, that is, the NO adsorbed on the metal
surface as it was introduced, and then reoriented to the “side-on”
configuration, which caused the O atom to interact with the
surface. Finally, the dissociation of “side-on” NO molecules
produced N and O adatoms. As illustrated in Fig. 7, the dissoci-
ation intermediate is a “side-on” NO species. This process
appears to be relevant for NO dissociation on Ni, Rh, Ru, and
Ir.>”*® The above spectral features were in good agreement with
the proposed dissociation mechanism.

To verify this assumption, further investigations on the
changes in frequencies and intensities have been performed in
the high frequency region. In general, increasing NO pressure led
to a gradual increase in intensity and frequency for the vy_o of the
adsorbed species. Fig. 8B presents the intensity ratios of the three
distinct N-O features relative to the minimum at —80 kPa NO. It

N—0 9
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Fig. 7 Schematic diagram of the NO adsorption and dissociation
processes.’
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Fig. 8 Pressure dependent frequency (A) and peak intensity (B)
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top.

was shown that the intensity of the 3-fold configuration exhibited
a more rapid increase compared with the other two N-O features.
Fig. 8A presents the frequency changes of the different adsorp-
tion sites for molecular NO. The frequency of the 3-fold band was
blue-shifted dramatically with increasing pressure compared
with the other two adsorption configurations, and then changed
slightly at higher pressures. It should be noted that the 2-fold
band showed an intense blue-shift at relatively higher pressure,
while top adsorption maintained steady growth over an extended
pressure range. This illustrates clearly that the bridge-bonded
sites, especially the 3-fold bridging sites, became the priority
adsorption sites at lower pressures. NO was more inclined to
adsorb in the 3-fold configuration, while the 2-fold and top
adsorption sites were less occupied. However, both bridge-
bonded and linear-bonded sites were occupied over the whole
pressure range. Furthermore, one can assume that the dissocia-
tion of linear NO is inhibited at higher pressure due to the lack of
sites for the reaction products. This is beneficial for obtaining
deeper insight into the monotonic increase in linear adsorption
of NO at high pressure.

Above all, the SERS spectral features enabled us to propose
that reconstructions occur during NO adsorption and the
dissociation product has a negative effect on the NO adsorption
process. It was concluded that the effect of pressure played an
important role in molecular adsorption and dissociation. It is
worth noting that molecular adsorption and dissociation were
in direct competition at different pressures.

The dissociation of NO, especially the top adsorption config-
uration, was inhibited at higher pressures by the lack of active
sites for the reaction products. Obviously, the present studies
demonstrated that it was possible to obtain detailed information
about the adsorption of NO on Ru surfaces. This was beneficial
for developing a powerful technique for an overall understanding
of gas adsorption and surface reaction processes.

NO dissociation process at Au/Ru film

As mentioned above, NO is a more reactive species in compar-
ison with CO. NO adsorption on metal surfaces is undoubtedly
a complicated process involving molecular adsorption and

This journal is © The Royal Society of Chemistry 2020
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dissociation. Brown and King found that molecular non-
dissociative adsorption only normally occurred on the
surfaces of metals in the last few groups of the transition metal
series together with the noble metals Cu, Ag and Au.* Some
surfaces, like W, exhibit activities for full dissociation. Never-
theless, metallic Ru is located at the borderline between
molecular adsorption and dissociation.

The survey results obtained by using LEED and TPD indi-
cated that NO adsorption, for instance, on Ru (001) at room
temperature, was dissociative initially, and further adsorption
occurred in the molecular state at higher coverages.”>*® Addi-
tionally, previous investigations on NO adsorption at other
metal surfaces assisted in developing general insights for
understanding how NO interacts with the surfaces of Au/Ru
films. For example, NO adsorption on Rh served as a refer-
ence due to its high similarity to Ru in chemical properties.
Goodman assumed that at low coverage NO prefers the 3-fold
bridge sites and then the molecules in the 3-fold hollow sites
dissociate and fill the hollow sites.**

The present observations demonstrated that the initial
adsorption of NO onto a Ru surface occurred dissociatively and
was followed by partial oxidation of the surface. The real-time
spectra presented a distinct vg,_x band during the first several
minutes, suggesting rapid dissociation of NO and precedence
over adsorption of molecular NO. Williams has investigated the
dissociation process of NO on Rh and claimed that it took about
40 seconds to observe the vg,_n band at room temperature.®

It was concluded that a 3-fold bridge molecular NO species
was the precursor before dissociation, as the 3-fold bridge
adsorption sites were occupied prior to the others. At lower
coverage of N and O adatoms, most NO adsorbed firstly into the
(vacant) bridged sites, which were energetically preferred. After
that, the dissociation products occupied the same adsorption
sites as the bridged state of molecular NO. It was suggested that
the dissociation products and molecular NO filled the 3-fold
sites, and this made the incoming NO molecules adsorb at the
top sites. Besides, the oxygen adatoms produced during NO
dissociation adsorbed in the hollow sites to cause the oxidation
of the Ru surface. This indicated that N adatoms diffused into
the near-surface metal region rather than the oxide of Ru. This
was confirmed by the observation of attenuation of the intensity
of the Ru-N stretching mode after a period of time.

Finally, the dissociation of the linearly adsorbed NO is
inhibited at higher pressure or coverage by the lack of sites for
the reaction products. Two proposed procedures for NO
adsorption and dissociation are demonstrated as follows (also
see the schematic diagram in Fig. 7):

NO + Ru « Ru_NOads (1)
Ru-NO,4s + Ru = Ru—N, g + Ru-0,4 (2)

This indicated that two adjacent active sites were involved in
the surface dissociation. The top linear adsorption of NO occurred
at high pressure or coverage, which resulted in the absence of
adjacent sites essential for dissociation. Unfortunately, a rigorous
quantitative analysis is blocked by the lack of accurate information
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regarding surface coverage, although some preliminary assump-
tions about the relationship between surfaces coverage and SERS
intensity have been made.® With molecular adsorption to satu-
ration, the desorption processes were definitely necessary to vacate
the active sites before the occurrence of dissociation.

Conclusions

The NO adsorption and dissociation behaviour on the Ru
surface has been investigated using well-designed SERS
substrates and the borrowing strategy. An Au monolayer nano-
particle film covered with continuous Ru layers was employed
as the substrate. Internal SERS with high sensitivity and
a metallic surface with practical application were integrated
into a composite of Au/Ru. Firstly, the competitive relationship
between molecular adsorption and dissociation was demon-
strated under higher pressure of NO gas. Secondly, 3-fold sites
are preferred for dissociation over the other structures and
conversion from bridge-bonded sites to top linear-bonded sites
occurs. Finally, a two-step dissociation mechanism and the
steps of NO adsorption were proposed accordingly. However,
the dissociation process, especially for linear NO, was site
dependent and blocked at higher pressure or coverage.

Although the present study constituted a preliminary survey,
the results suggested that the SERS technique with appropriate
attractive metal overlayers provided a significant and possibly
even valuable means to explore adsorptive behaviour and
kinetics at gas-solid interfaces. In some respects, the ability of
SERS to access sensitively the metal surface vibrational region
represents a major additional virtue of this technique. However,
the SERS technique appears to be uniquely capable of moni-
toring the low frequency band for adsorbed atomic nitrogen
and thereby elucidating its role in the reaction pathway. Addi-
tionally, an enticing virtue of this technique is its ability to
acquire time dependent spectra straightforwardly and it has the
benefit of allowing the observation of interfaces with relatively
weak surface enhancing properties.
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