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hanced oxygen dissociation on
gold catalysts†

Tianqi Gao,‡ Yongli Shen,‡ Lin Gu, Zhaocheng Zhang, Wenjuan Yuan * and Wei Xi*

The excellent low-temperature oxidation performance and stability of nanogold catalysts have attracted

significant interest. However, the main active source of the low-temperature oxidation of gold remains

to be determined. In situ electron microscopy and mass spectrometry results show that nitrogen is

oxidized, and the catalyst surface undergoes reconstruction during the process. Strain analysis of the

catalyst surface and first-principles calculations show that the tensile strain of the catalyst surface affects

the oxidation performance of gold catalysts by enhancing the adsorption ability and dissociation of O2.

The newly formed active oxygen atoms on the gold surface act as active sites in the nitrogen oxidation

reaction, significantly enhancing the oxidation ability of gold catalysts. This study provides evidence for

the dissociation mechanism of oxygen on the gold surface and new design concepts for improving the

oxidation activity of gold catalysts and nitrogen activation.
Introduction

Gold was previously considered an unsuitable catalytic material
owing to its chemical stability. However, in 1987, Nobumasa
et al.1 reported that gold nanoparticles exhibit excellent catalytic
oxidation activity toward CO.2 Since then, the catalytic perfor-
mance of more than thirty annuities has been extensively
studied.3 Gold exhibits good catalytic activity in various catalytic
reactions,2,4 such as CO oxidation,5,6 acetylene hydrogenation,7,8

methanol oxidation,9,10 methane pyrolysis,11 glucose oxida-
tion,12,13 and other small-molecule heterogeneous catalytic
reactions.14 Gold catalysts exhibit excellent CO oxidation activity
even at a low temperature of −70 °C.15 This property renders
them an excellent reference system for studying the character-
istics of oxidation reaction catalysts under mild conditions.16–19

Therefore, the signicant potential of gold catalysts in mild
oxidation reactions necessitates the exploration of methods that
can further improve their oxidation performance.

In practical oxidation reactions, various factors can affect the
catalytic activity of gold, and understanding the mechanism of
heterogeneous catalysis at the microscale level remains
a complex issue. The size of the gold catalyst,20,21 valence state of
gold,22,23 surface curvature of gold,24–27 and gold carrier inter-
actions21,28,29 are important factors that affect the catalytic
oxidation activity of gold. Among the numerous inuencing
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factors, oxygen or oxygen species adsorbed on the catalyst
surface play signicant roles in multiple oxidation
reactions.30–32 For example, in the selective oxidation of alco-
hols, oxygenmolecules adsorbed and activated on the surface of
gold catalysts dissociate into active oxygen atoms, O*, which
interact with alcohol molecules to form alkoxy intermediates
and initiate the reaction cycle. In CO oxidation33,34 and volatile
organic compound oxidation,35,36 the co-adsorption of reactants
and oxygen at oxide interfaces or surface defect sites37 is an
essential step.38,39 A study on alcohol oxidation reaction showed
that gold catalysts exhibit better selective oxidation activity aer
being subjected to ozone treatment.40 Although the precise
origin of the oxidation activity of gold catalysts remains varied
in studies, previous studies have emphasized the crucial role of
the active O species on the catalyst surface in the low-
temperature oxidation of gold.26,31,41,42 Using gases with
minimal impact on oxygen dissociation as reactants helps to
better understand this process. The adsorption capacity of
nitrogen on the gold surface is relatively weak,43 and nitrogen
compounds have rich valence states and high bond energy,44

making N2 an ideal molecular probe.45–49 Currently, nitrogen
xation under relatively mild conditions still requires the
synergistic activation of nitrogen–nitrogen triple bonds under
various conditions. Therefore, studying the interactions
between gold catalysts and various nitrogen oxides is benecial
for distinguishing the role of oxygen species on the surface of
gold in the oxidation ability of gold catalysts and for nitrogen
activation methods.

In this study, we investigated the effect of surface strain on
nitrogen oxidation reactions (NORs) on gold catalysts. Nano-
porous gold (NPG), whose environment has abundant stress
that eliminates the inuence of the catalyst support, is used as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a model catalyst. Mass spectrometry (MS) results showed that
the gold catalyst oxidized nitrogen to N2O. Signicant changes
were observed in the catalyst morphology during nitrogen
oxidation. Additionally, strain analysis was employed to deter-
mine the surface strain, which was mainly tensile, of ligaments
with different sizes. Density functional theory (DFT) calcula-
tions showed that the tensile strain reduced the activation
energy of oxygen dissociation, whereas the presence of surface
O atoms signicantly promoted the activation of N2 molecules.

Experimental
Materials synthesis

NPG was prepared by dealloying Au–Ag alloy lms (12-Karats,
Gerstendörder) in concentrated HNO3 (65 wt%, Sinopharm
Chemical Reagent Co., Ltd). To obtain NPG with a low silver
content and ligament sizes of ∼10 (sample 1#), 15 (sample 2#),
and 20 (sample 3#) nm, the Au–Ag alloy lms were oated on
the surface of 6, 8, and 10 mol L−1 HNO3 solutions under an
applied potential (0.2 V, 240 s). Before further use, all NPG
samples were rinsed several times in ultrapure water and oa-
ted on the surface of ultrapure water.

Compositional and morphological characterization

High-resolution transmission electron microscopy (HRTEM,
Talos F200, FEI) was employed to obtain morphological and
crystallographic information on the NPG substrates. The scan-
ning transmission electron microscopy (STEM) mode was used
to determine the morphology and composition of the NPG
samples. High-quality HRTEM images were collected using an
electron microscope equipped with a spherical aberration-
corrected transmission electron microscopy (AC-TEM) system
(Themis Z, FEI). The X-ray photoelectron spectroscopy (XPS)
spectra of the NPG-Pt samples were measured using an X-ray
photoelectron spectrometer (ESCALAB 250Xi, Thermo Fisher
Scientic) with Al-Ka radiation.

In situ gas phase catalysis experiment

The NPG samples were loaded onto gas-phase chips and
mounted on a gas-phase sample holder (Climate S3+, DENS-
solutions). Aer gas tightness testing, the sample was analyzed
using a high-resolution eld-emission transmission electron
microscope (Talos F200X, FEI) connected to a heating control
system (Digiheater) and gas mass spectrometer (GSD 320,
Omnistar Thermostat). Before the experiment, Ar was used to
ush the reaction and gas supply systems. During the experi-
ment, the actual pressure in the reaction chamber was 998.5
mbar, the gas ow rate was 0.26 mLmin−1, and the temperature
error was <5%. Mixed gases with different proportions of
nitrogen and oxygen were used, and the temperature was raised
by 10 °C each time aer the MS signal and TEM morphology
behavior stabilized. The changes in the morphology and lattice
of the samples were recorded in situ using a charge-coupled
device camera during the experiment. A mass spectrometer
was used to detect the composition of the outgoing gas during
the entire process by a Faraday detector.
© 2023 The Author(s). Published by the Royal Society of Chemistry
First-principles calculations

A ve-layered face-centered cubic (FCC)-Au(111)-p(2O3 × 3)
R30 structure was constructed to represent the pristine
Au(111) model catalyst, and the crystal cell parameters of
Au(111) in the x- and y-directions were amplied to 105%
(Au(111)+5%). During the calculations, the two Au layers at
the bottom were xed to their bulk positions for pristine
Au(111), whereas only the z-component was xed for
Au(111)+5%. All calculations in this study were performed
using the Gaussian plane-wave method implemented in the
CP2K Quickstep module.50 The generalized gradient approx-
imation and Perdew–Burke–Ernzerhof functional51 were used
for the calculations in this study. The van der Waals correc-
tion proposed by Grimme (DFT-D3(BJ) method)52 was also
considered. The DZVP-MOLOPT-SR-GTH basis set with the
Goedecker (Teter) pseudopotential was used for each atom in
the calculations. The transition states were located using
a two-step approach.53 First, the climbing nudged elastic band
method was used to optimize the energies for a series of
structures along the reaction path. The highest-energy
structure was then used as the input for the dimer method
to locate the transition state. For all geometric optimization
and transition state search calculations performed in this
study, the maximum force, maximum geometry change, root
mean square (RMS) force, and RMS geometry change for
atoms were set to 4.5 × 10−4, 3 × 10−3, 3 × 10−4, and 1.5 ×

10−3, respectively, and the criterion for self-consistent eld
convergence was 1 × 10−6. An energy cutoff of 400 Ry was
used for all calculations. The k-point mesh for the calculation
was set to 5 × 4 × 1. All independent gradient models based
on Hirshfeld partition (IGMH) analysis54 were performed
using Multiwfn.55
Results and discussion
Characterization of NPG

We prepared NPG samples with a ligament size of 9 nm using
the dealloying method and subsequently characterized them.
The bi-continuous ligament structure of NPG with uniform
ligament and pore sizes (Fig. 1a) and the TEM bright-eld image
exhibit many positive and negative curvature surfaces. The
HRTEM image and fast Fourier transform (FFT) images (Fig. 1b)
show that the crystal structure of the NPG ligament is the same
as that of the gold crystal, and the residual Ag atoms do not
affect the crystal structure of gold. The high-angle annular dark-
eld (HAADF) image (Fig. 1c) and the corresponding energy-
dispersive X-ray spectroscopy (EDX) mapping show a uniform
distribution of residual Ag atoms. Multiple measurements in
different regions show that the concentration of residual Ag is
less than 1 at% and that of Au is >99 at%. To eliminate the
inuence of adsorbents on the surface of the NPG thin lms,
the samples were characterized by XPS aer Ar plasma cleaning.
Fig. 1d shows the electronic structures of Ag 3d5/2 in the NPG
catalysts, indicating that Ag mainly exists in the metallic form
on the NPG surface.56 The double-peak spectra (Fig. S1†) of Au
4f7/2 (84 eV), Au 4f5/2 (87.6 eV), Ag 3d3/2 (367.8 eV), and Ag 3d5/2
RSC Adv., 2023, 13, 22710–22716 | 22711



Fig. 1 Characterization of NPG samples. (a) Low-power TEM image of
NPG. The inset shows the size distribution of NPG ligaments. (b)
HRTEM image of NPG. The inset is a FFT image of NPG. (c) HAADF
image of NPG and its corresponding elemental distribution in the
region. (d) Ag 3d5/2 XPS spectra of NPG.
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(373.8 eV) indicate that a negligible amount of oxide is present
on the NPG surface aer the Ar plasma treatment.57

Fig. 2a–c shows that at 200 °C, the ligament of NPG ruptures
when injected with a mixture of nitrogen and oxygen gas, and
the surface morphology of the intact ligament also undergoes
signicant reconstruction. Additionally, the contrast change of
the ligament shows a shi in the crystal orientation of the NPG
Fig. 2 In situ changes in NPG morphology and MS data observed in gas
introducing a nitrogen–oxygenmixture at 200 °C. (d)–(f) Changes in the s
(g) Changes in the signal intensity of 15N2O in the outflow gas as determin
determined by MS.

22712 | RSC Adv., 2023, 13, 22710–22716
ligament. The ligament rupture phenomenon is also observed
outside the continuous electron beam irradiation area
(Fig. S2†). However, before introducing the mixed gas at the
same temperature, no signicant changes were observed in the
morphology of NPG in a pure argon, nitrogen, oxygen atmo-
sphere and vacuum environment (Fig. S3†), and the ligaments
of NPG were attened aer a long-term reaction (Fig. S4†).
Analysis of the reaction products

To determine whether NPG causes nitrogen oxidation in oxygen
atmosphere, we used a gas mass spectrometer to monitor the
composition of the outow gas. Because nitrogen exists in
multiple valence states in nitrogen oxides, we monitored the
changes in the intensities associated with three nitrogen-
containing compounds, N2O, NO, and NO2, before and aer
introducing a nitrogen–oxygen gas mixture (Fig. 2d–f). The
results were compared with those of a blank control under the
same background conditions. Aer introducing a mixture of
nitrogen and oxygen, as shown in Fig. 2d, the possible presence
of the N(I) compound (N2O) is deduced. However, the mass
spectrometer could not distinguish gas molecules with the
samemolecular weight, such as N2O and CO2. The intensities of
the N(II) (NO) and N(IV) (NO2) compounds in the middle of the
prole are signicantly lower than those in the blank control
group aer the introduction of the nitrogen–oxygen mixture
gas, as shown in Fig. 2e and f. Comparing Fig. 2e and f, nitrogen
is not oxidized to NO and NO2 owing to the easy conversion of
NO into NO2 under oxygen atmosphere. To verify that gold
oxidizes nitrogen to N2O, we used the isotope 15N2 instead of
ordinary nitrogen and repeated the experiment using the same
sample (1#) under the same conditions. Fig. 2g shows that the
intensity of the 15N2O signal is signicantly higher than that in
the blank control aer introducing the reaction gas, conrming
-phase TEM experiments. (a)–(c) Morphological changes of NPG after
ignal intensities of NOx species in the effluent gas as determined by MS.
ed byMS. (h) Changes in the signal intensity of CO2 in the outflow gas as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that nitrogen undergoes a NOR in the presence of NPG, and the
nitrogen atoms in the N2O product originate from the intro-
duced gas rather than the possible residual nitrogen-containing
compounds in the sample and reactor. Furthermore, small
amounts of CO2 (Fig. 2h) in the outow gas can be detected.

Factors affecting the degree of oxygen dissociation

To determine the factors affecting the degree of nitrogen
oxidation, we conducted in situ experiments considering
different parameters, including electron beam irradiation, the
oxygen content, temperature, and the NPG ligament size.
Subsequently, we summarized the criteria for evaluating their
impact on the strength of nitrogen-containing compounds.

First, the electron beam irradiation was shielded using
a beam blank in the electron microscopy equipment to conrm
that the electron beam exhibited no signicant effects on the
catalytic reaction. The MS spectrum showed no signicant
change in the intensity of the 15N2O signal (Fig. S5†). Subse-
quently, while the temperature and pressure remained
constant, the proportion of oxygen in the mixed gas was
increased continuously. As shown in Fig. 3a, the intensity of the
detected 15N2O signal increases with increasing oxygen content.
Moreover, at low oxygen concentrations (<60%), the 15N2O
signal intensity shows a stepwise increase, reaching its
maximum value when the oxygen content reaches 90%. The
intensity of the 15N2O product signal shown in Fig. 3b contin-
uously increases with an increase in the oxygen content from
30% to 40% rather than increasing with mutations. These
results indicate that oxygen plays an essential role in gold-
catalyzed nitrogen oxidation.

Next, we studied the effect of temperature on the oxidation
reaction at 50% oxygen content. As shown in Fig. 3c, the 15N2O
Fig. 3 Changes in the N2O signal intensity measured by MS under
different conditions. (a) and (b) Continuous variation in the N2O signal
intensity at different oxygen contents. (c) Changes in the N2O signal
intensity as a function of time at different temperatures when the gas
ratio is 1 : 1, Tmeas is the actual measured temperature value. (d)
Changes in the N2O signal intensity of samples with differing ligament
sizes during heating.

© 2023 The Author(s). Published by the Royal Society of Chemistry
signal intensity decreases and gradually stabilizes aer intro-
ducing a nitrogen–oxygen mixture at 100 °C for 100 s. Subse-
quently, the signal strength of the product increases with
increasing reaction temperature and stabilizes at approximately
190 °C. Coarsening of ligaments (Fig. S6†) may be the reason for
no further elevation above 190 °C. This indicates that NPG can
oxidize nitrogen at lower temperatures, and increasing the
temperature can improve the NOR. To explore this further, we
prepared NPG samples 2# (Fig. S7†) and 3# (Fig. S8†) with
ligament sizes of∼15 and∼20 nm, respectively, and residual Ag
atom percentages of less than 1 at%. At 50% oxygen, the reac-
tion temperature was gradually increased until the MS signal
intensity of the product no longer increased signicantly. As
shown in Fig. 3d, the 15N2O signal of the NPG samples with
smaller ligament sizes is stronger and more sensitive to
temperature changes. The larger the ligament size, the weaker
the N2O signal of the samples (2# and 3#) under the same
reaction conditions. The experimental results indicate that NPG
samples with smaller ligaments exhibit better oxidation activity,
which is consistent with current research ndings obtained for
NPG in heterogeneous catalytic reactions.58,59 The variation in
the surface structure of NPG samples with small and large
ligaments accounts for their distinct NOR activities.

To investigate the effect of size on the surface structure of the
NPG ligaments, we collected HRTEM images of ligaments with
differing sizes using AC-TEM and performed atomic-scale strain
analysis.60 Fig. 4a shows the presence of numerous exposed
(111) crystal surfaces on the ligaments. Fig. 4b reveals unevenly
distributed strain on the surface of the ligaments in the h111i
axial direction. The strain analysis shows that the tensile strain
in certain areas (yellow) is higher than 5%. The degree of strain
in the radial direction h112i is signicantly smaller than that in
the axial direction, with uniform distributions of the tensile and
compressive strains. Comparing the strain distribution results
for different ligament sizes (Fig. S9†), the axial strain is signif-
icantly higher than the radial strain, and the surface strain of
small-sized ligaments is higher than that of large-sized liga-
ments. The internal strain of NPG arises from the process of
dealloying, during which gold atoms cannot rapidly ll the
voids le by the large-scale rapid detachment of silver atoms
(Fig. S10†), forming a double connected structure with complex
internal stress. These ndings are consistent with the local
strain law for nanoporous metals.61–63

Various factors indicate that tensile strain enhances the
oxidation activity of gold catalysts. Therefore, it is necessary to
investigate the effect of strain on the nitrogen and oxygen
interaction on the gold catalyst surface. First, the activation of
O2 on the surface of the catalysts was analyzed. The computa-
tional results show that positive-strain Au(111) can facilitate O2

decomposition. Additionally, the activation energy required for
O2 decomposition on Au (111)+5% is lower (0.49 eV) than that
on pristine Au(111) (Fig. 4c). The newly formed O atoms on both
pristine Au(111) and Au(111)+5% easily diffuses to the adjacent
stable adsorption sites on the catalyst surface (Fig. 4c),
providing active oxygen atoms for subsequent oxidation reac-
tions. For N2 adsorption, the computational results show that
the vertical distances between N2 and the possible active centers
RSC Adv., 2023, 13, 22710–22716 | 22713



Fig. 4 Surface strain analysis and theoretical calculation of ligaments. (a) Strain distribution in the blue area of the HRTEM image. (b) Segment of
the NPG ligament with a size of ∼11 nm. (c) Minimum energy path (MEP) for the decomposition of O2 and O atom diffusion on Au(111) and
Au(111)+5%. (d) MEP for the decomposition of N2 on Au(111) O/Au(111) and O/Au(111)+5%. (e) DOS of the N2–O/Au(111) and N2–O/Au(111)+5%
adsorption structures. (f) IGMH analysis of the interactions between N2 and O/Au(111) and O/Au(111)+5%. Standard interpretation of the coloring
method of the mapped function sign(l2)r in IGMH is based on ref. 5 (dark blue sphere: N, red sphere: O, and yellow sphere: Au).
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(O atom adsorbed on Au) on the surfaces of Au(111) and
Au(111)+5% are 3.34 and 2.77 Å, respectively, indicating that the
interaction between N2 and the catalyst may be weak. The
density of state (DOS) calculations show no signicant overlap
between the p orbitals of N2 and p orbitals of O in the N2

adsorption structures on both catalysts (Fig. 4e). IGMH analysis
of the molecular density48 reveals only van der Waals interac-
tions between N2 and O in the N2 adsorption structures (Fig. 4f).
However, the adsorption strength of N2 on O/Au(111)+5% is
slightly higher than that on O/Au(111). The activation energy
required for the decomposition of N2 on the surfaces of the O/
Au(111) and O/Au(111)+5% catalysts is signicantly lower than
that on the pristine Au(111) catalyst (Fig. 4d). Therefore, the
active O atoms on the Au surface are speculated to play a crucial
role in the activation of N2. The calculation results show that the
difficulty of N2O generation on the surfaces of the two catalysts
(O/Au(111) and O/Au(111)+5%) is not closely related to the
adsorption strength of N2, but only depends on the availability
of highly active O atoms on the catalyst surface (Fig. 4d).
Conclusions

This study demonstrated that the presence of strain enhances
the ability of gold catalysts to oxidize nitrogen. Specically,
changes in the surface strain of gold catalysts signicantly
enhance the adsorption capacity of oxygen molecules on the
Au(111) crystal surface and reduce the activation energy
required to dissociate O2 into oxygen atoms. The interaction
between these active oxygen atoms and nitrogen molecules is
stronger than the adsorption of nitrogen on the gold surface,
22714 | RSC Adv., 2023, 13, 22710–22716
which plays an essential role in the NOR on the gold surface.
These ndings suggest that strain engineering can enhance the
gold oxidation reaction, and precise control over the catalyst
surface strain can be effective for designing high-oxidation-
activity catalysts.
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