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in CO oxidation
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SUMMARY

The effect on catalytic behavior induced by different morphology of NiO supports has been investigated
using the example of gold-catalyzed CO oxidation. Three NiO-supported nanogold consisting of nanogold
deposited onto NiO nanorods (NiO-R), nanosheet (NiO-S), and nanodiscs (NiO-D) were prepared. Trans-
mission electron microscopy(TEM)/Scanning transmission electron microscopy(STEM) investigations indi-
cated that Au particles dominantly exposed Au(111) facets virtually independent of NiO architectures.
Au/NiO-S displayed a normal Arrhenius-type behavior. Au/NiO-R and Au/NiO-D showed an atypical
behavior, characterized by a U-shaped curve of activity vs. temperature, which is attributed to the carbon-
ate accumulation on whose catalytically active sites. On Au/NiO-R, a stable CO-conversion rate of 1.78
molco gau | h™" at 30°C was achieved, which is among the higher rates reported so far for supported
Au-based systems. DRIFTS measurement identified Au®* species as crucial CO adsorption sites promoting
CO oxidation, and the catalytic CO oxidation should obey Mars-van Krevelen (<200°C) and Eley-Rideal
mechanism (>240°C).

INTRODUCTION

Carbon monoxide oxidation is a crucial catalytic reaction for air pollution control and is relevant in various chemical processes, including the
removal of CO in car exhaust streams’ and the elimination of poisonous CO from synthesis gas streams for upgrading hydrogen gas used as
fuel for low-temperature fuel cells.” Heterogeneous catalysis by gold has advanced immensely since the pioneering work of Haruta et al.*
reporting astoundingly high activity in low-temperature CO oxidation of very small (<5 nm) Au nanoparticles (NPs) deposited on base metal
oxides. The size-dependent catalytic activity of supported nanogold catalysts is an exciting topic in Au catalysis™® and has been studied
widely.”® By decreasing the size of Au particles, their electronic structure, including the quantum size effect, and Au-support perimeter inter-
face can be modulated leading to improved catalytic activity and selectivity.® Due to their unique properties, Au NPs have a large application
range,” which differs from that of Au in bulk form. Bulk gold is mostly poorly active as a catalyst, but in the form of Au NPs, it can exhibit excep-
tional catalytic activity.'>"" Reactions catalyzed by supported Au NPs comprise e.g., various redox reactions,'''? catalytic CO oxidation,'*™*
oxidation of alcohols,'® hydrogenation of nitrophenol,’®'® and selective epoxidation.'”?” Au NPs are also excellent catalysts for reactions
involving alkyne activation due to their Lewis acid nature.”’*? Though the catalytic activity of Au NPs depends on numerous factors, it is largely
determined by the particle size.

Another crucial factor determining the catalytic performance of gold catalysts is the nature of the oxide support.”*° Reducible metal ox-
ide supports, such as CeO,, NiO, Co304, ZrO,, generally lead to more efficient nanogold catalysts than non-reducible oxides (e.g., MgO,
Si0O,) in CO oxidation.”’*® NiQ is an earth-abundant transition metal oxide with superior properties in redox processes, gas sensing, and elec-
trochemical devices. Researchers have investigated NiO catalysts with numerous shapes for CO oxidation and established that flower-like and
ring-like NiO?” exhibit high activity. To our knowledge there exist only a few reports about the Au/NiO-catalyzed CO oxidation.””*? With one
exception™ they all were based on supported Au particles. Recently, Au single-atom catalysts supported on defective NiO as stabilizer were
developed by Murayama's group. These catalysts show outstanding activity and stability and seem to offer high potential for CO oxidation.

Herein we explored the effect of morphology of NiO supports decorated with Au NPs and examined the behavior of these catalysts in CO
oxidation. With certain NiO architectures, an anomalous activity behavior has been observed, characterized by a U-shaped activity curve. The
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Figure 1. The characterization of the NiO-supported gold nanoparticles

(A and B) (A) XRD patterns of the morphologically different Au/NiO catalysts and (B) N, adsorption-desorption isotherms. The hysteresis at high p/ps is attributed
to the void space between the nanoparticles and not to pores in the nanostructured materials.

(C-E) TEM images of the NiO supports: (C1) NiO-R, (D1) NiO-S, and (E1) NiO-D. TEM images with the related histograms of the deposited Au NPs of the Au/NiO
samples: (C2) Au/NiO-R, (D2) Au/NiO-S, and (E2) Au/NiO-D. STEM images indicate that the deposited Au particles mainly exposed the (111) facets. Depending
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Figure 1. Continued

on the shape of the support particles the facets exposed dominantly were (C3) NiO-R(110), (D3) NiO-5(200), and (D4) NiO-D(220). See also TEM images S1-S2 in
Supporting Information.

(F and G) Charge density difference analysis for Au/NiO hetero-structures: (F) Au on NiO(110) and (G) Au on NiO(200). The isosurface of the electron density
difference was plotted at a value of about 0.002 electron A—1, and the blue and yellow isosurfaces represent the electron depletion and accumulation
regions, respectively. The bader charge of the adsorptive Au is shown below the figure.

study revealed that the morphology and shape of NiO support NPs have a decisive influence on catalytic performance and stability of these
gold catalysts. These experimental results are further corroborated by computational simulations.

RESULTS
Characterization of NiO-supports and corresponding Au/NiO catalysts

The different morphologies and shapes of the synthesized NiO-supported Au catalysts, nanorods (NiO-R), nanosheets (NiO-S), and nanodiscs
(NiO-D) were examined employing XRD, transmission electron microscopy (TEM), and scanning transmission electron microscopy (STEM).
XRD patterns of the Au/NiO catalysts within the 20 range of 20°-80° are presented in Figure 1A. The diffraction lines at 37.2°, 43.2°, 62.7°,
and 75.4°, are associated with the cubic NiO faces (111), (200), (220), and (311) (JCPDS no. 47-1049), respectively. No reflections belonging
to Au particles were detected in the XRD patterns, which is attributed to the relatively low Au loading (~0.90 wt %) and high dispersion of the
very small Au particles (~2-3 nm, Figure 1A). The nanocatalysts exhibited type-IV nitrogen adsorption-desorption isotherms at high P/P (Fig-
ure 1B), which should be attributed to the void volume between the particles because TEM investigations showed no indication of mesopores
in the NPs. The BET surface areas and pore distributions by Barret-Joyner-Halenda method were Au/NiO-R (122 m? g~', 28.5 nm), Au/NiO-D
(73m? g, 37.8 nm), and Au/NiO-S (27 m? g™, 15.8 nm), Figure S3.

Typical TEM images of the different shapes of the pure NiO supports are presented in Figure 1. The support particles had the following
dimension ranges: NiO-R (diameters 10 to 15 nm), NiO-D (length ~110 nm, thickness ~15 nm), and NiO-S (thickness ~5 to 6 nm). The Au NPs
were deposited on the surface of the different NiO samples using an Au-PVA colloid of 2.32 nm for Au/NiO-R, 1.99 nm for Au/NiO-S, and
3.2 nm for Au/NiO-D. Comparison of TEM images before and after Au deposition (Figures 1C-1E) confirmed that the NiO morphology in
the corresponding Au/NiO samples was virtually preserved after removal of the PVA by calcination at 300°C, which is ascribed to the strong
support-metal interaction (SMI) between the gold particles and the NiO supports. Figure 1C shows a typical STEM image of NiO-R, indicating
that the predominantly exposed facet is the (110) crystal plane with an inter-planar spacing of 0.24 nm.** Figure 2F indicates that for Au/NiO-S,
the measured inter-planar distance of 0.21 nm, which matches the (220) crystal plane of the cubic crystalline NiO, suggesting that the growth
plane of the nanosheets is along the (200) planes.®® For Au/NiO-D, the measured inter-planar distance of 0.15 nm corresponds to the (220)
crystal plane of cubic NiO, as shown in Figure 11).% Figures 1C, 1F, and 11 confirm that the deposited Au NPs exposed dominantly (111) facet
with a d-spacing of 0.23 nm on the different NiO architectures. As visualized in Figures 1F and 1G, we simulated the formation of Au/NiO(110)
and Au/NiO(200), respectively. As a result, the interaction between Au and NiO(110) is stronger with the analysis of electron density differ-
ence; while the bader charge is lower, accordant with the active Au®* species.

Chemical state of Au/NiO surface
X-ray photoelectron spectroscopy (XPS) analyses were performed to investigate the chemical state of the Au/NiO catalysts. The spectra of Ni
2p, O 1s and Au 4f of Au/NiO-D, Au/NiO-R, and Au/NiO-S are shown in Figure 2. The Ni 2p signal could be deconvoluted into five peaks,
where the three binding energies (B.E.) at 854.1, 856.4, and 861.2 eV are attributed to Ni 2p3/2, and the peaks at 873.7 and 880.2 eV to Ni
2p1/2. The two peaks located at 854.1 and 861.2 eV are typical for Ni?* in NiO.*” As mentioned previously, NiO, as a p-type semiconductor,
favors the formation of Ni?* defects, which usually induce the generation of Ni** for charge neutrality.” The signal of Ni** should be in the
range 856.1-856.4 eV, indicating that the peak at 856.4 eV could be assigned to Ni®*. The position of the peaks for Au/NiO-D, Au/NiO-R, and
Au/NiO-S is almost the same, close by the value of pure NiO (854.2 eV), with a little shift of the binding energy.*®

The O1s electronic levels for as-prepared catalysts were also studied; the asymmetric O1s could be deconvoluted into two peaks at 531.6
and 529.6 eV for Au/NiO-R, Au/NiO-D, and Au/NiO-S. The XPS peak at 529.6 eV was attributed to surface lattice oxygen (O.y) species and the
531.6 eV peak to adsorbed oxygen (O,4s) species on NiO.*” On the other hand, for Au/NiO-S (Figure 21), the peak at around 529.5 eV is char-
acteristic of surface lattice oxygen. The peak at around 531.4 eV could be assigned to loosely bonded oxygen.*” The calculated surface O,4s/
O\att atomic ratios of all samples are presented in Figure 3D. Note that the O,4/Ojar; ratio followed the order Au/NiO-R > Au/NiO-D > Au/
NiO-S. These results are in line with the higher activity of CO oxidation measured over Au/NiO-R and Au/NiO-D compared to Au/NiO-S at
30°C. As depicted in Figures 2A, 2D and 2G, the XPS spectra of three catalysts Au/NiO-R, Au/NiO-D, and Au/NiO-S show the binding energy
of Au 4f7/2 at 84.2 eV, which is a little higher than that for neutral metallic Au (83.9 eV)*® suggesting the formation of Au®* species due to
electron transfer from the Au NPs to the NiO support.

Catalytic behavior

For most CO oxidation catalysts based on supported gold or metal oxides, a “normal” activity behavior (an increase of reaction rate with tem-
perature) is observed. An atypical activity behavior was observed with some of the present Au/NiO catalysts. Figure 3A shows a U-type activity
vs. temperature curve for Au/NiO-R and Au/NiO-S, characterized by varying of the apparent activation energy (Ea) with temperature. In
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Figure 2. XPS analyses
The Au 4f, Ni 2p and O 1s XPS survey spectra of (A, D, and G) Au/NiO-D, (B, E, and H) Au/NiO-R, and (C, F, and I) Au/NiO-S.

contrast, Au/NiO-D exhibited a normal Arrhenius-type temperature dependence of activity with an Ea ~13.7 kJ mol ™" (Figure S4) in the tem-
perature range from 30°C to 150°C. The U-type activity behavior results from the superposition of two simultaneously occurring processes,
CO oxidation and catalyst deactivation, which differently depend on temperature. The pure NiO supports were almost inert at temperatures
below 150°C under the conditions used (Figure 3A). The highest CO conversion was observed for NiO-R support, while the conversions of
NiO-D and NiO-S were considerably lower (less than 2% CO conversion). Temperature-programmed desorption profiles on BET surface areas
of preadsorbed CO; are shown in Figure 3B. Desorption of CO, on Au/NiO-D did barely occur at T < 150°C and was much lower also at higher
temperatures compared to that observed with Au/NiO-R and Au/NiO-S, although the BET surface area of Au/NiO-D in-between the three
Au/NiO samples (Figure 3B). It manifests that the evolving CO, species is prone to dissociate from Au/NiO-D (main exposing NiO(220) facet)
surface rather than Au/NiO-R (chief NiO(110) facet), and Au/NiO-S (NiO(200) (f). Therefore, the catalysts exhibiting U-type conversion curves
(Au/NiO-R and Au/NiO-S) show rather complex CO, desorption profiles that the formed carbonate or bicarbonate ions on the catalytically
active sites of Au/NiO-R and Au/NiO-S, resulting in the retardation of catalytic CO oxidations. The catalytic CO oxidation over Au/NiO com-
posites should obey Eley-Rideal mechanism, that is, both CO and O, are adsorbed and activated over the gold particles at high reaction
temperatures (e.g., > 240°C)."? Figure 3C shows the long-term stability tests of the catalysts at 30°C. All catalysts showed an initial induction
period where the CO consumption rate decreased and finally reached a nearly steady state. It is worth noting that no evident sintering of Au
NPs was observed in TEM analysis of these spent Au/NiO catalysts (Figure S5).

With the best-performing catalyst, Au-NiO-R, a stable rate of 1.78 molco gAu’1 h=' was achieved, which is one of the highest rates re-
ported so far with Au/NiO-based systems,”” ' U-type conversion curves have also been observed previously for Au/NiO catalysts with
different structural architectures. Xu et al.*® demonstrated that Au NPs decorated with highly dispersed NiO nanopatches, so-called inverse
Au-NiO catalysts, are highly active for CO oxidation and can exhibit a U-type activity behavior. Zhou et al.*' reported the synthesis of Ni-Au
alloy NPs and their use in preparing silica-supported Au/NiO nanomaterials for catalytic CO oxidation.

The U-shape behavior for the temperature dependence of activity was also reported for other catalysts Au/Mg(OH),"" Au/MgO,***? and
C030,4-Si0,.*" In the case of Au/Mg(OH),, this behavior was attributed to the strong interactions with carbonate species or adsorbed CO5,
which block the reaction sites and inhibit CO, desorption. A decrease in the initial activity (induction period) was also observed with Au/
Mg(OH),. On Co30,4-SiO,, trace amounts of water (less than 3 ppm) induced a decrease in the catalytic activity. Such complex U-shaped
curves of activity indicate the existence of competing processes occurring on the catalyst surface. In the present case, the U-shape activity
behavior over the different Au/NiO composites is most likely associated with the interaction of CO, with hydroxyl radicals (e.g., carbonates).

Furthermore, it has been established that the CO oxidation reaction over AuNPs can occur through low-temperature and high-temperature
reaction mechanisms.*” In the low-temperature range, CO molecules mostly react with weakly adsorbed O, or surface (-OH) groups. Increasing
the reaction temperature lowers the coverage of weakly adsorbed oxygen-containing surface species, which lessens the catalytic activity. The
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Figure 3. The catalytic performance in the CO oxidations

(A) Catalytic behavior of the Au/NiO catalysts and pure NiO supports in the CO oxidation investigated by temperature-programmed reaction. Reaction
conditions: Reactant gas mixture,1%C0/20%0, balanced with He, flow rate 50 mL min~", 50 mg catalyst, GHSV 60,000 mL geae ' h™".

(B) The relationship of CO, desorption profiles and catalytic activity.

(C) Long-term stability tests of Au/NiO catalysts. Test conditions: reactant gas mixture, 1%C0O/20%O, balanced with He, flow rate 50 mL min~", GHSV
60,000 ngcat’1 h~", reaction temperature of 30°C.

(D) Initial CO consumption rates at 30°C versus O,4s/O)ay; ratio. Conditions as in Figure 4B. Conditions of measurements of the CO, desorption profiles are
described in the Experimental Part.

The optimized structure molecular O, and dissociative O, on (E and F) NiO(110) and (G and H) NiO(200). The adsorption energy upon the bare surface and
isolated molecule are shown.

theoretical simulation results of adsorption and conversions for O, on NiO(110) and NiO(200) surfaces are shown in Figures 3F-3H. The calcu-
lated adsorption energy for molecular O, on NiO(110) is —0.88 eV, indicating the relative stronger adsorption on 4-coordinated surface Ni
(Nigo), Figure 3E. And the dissociation for the O-O bond in the adsorptive Oy is feasible with a reaction energy of 0.16 eV (Figure 3F), which
facilitates the further CO oxidation. In comparison, the adsorption of O, molecules on NiO(200) with 5-coordinated surface Ni (Nis.) is rather
difficult (—0.05 eV, Figure 3G), while the O, dissociation is prohibit with relative high reaction energy (2.98 eV, Figure 3H). Thus, the NiO(110)
exhibits better capacity to activate the O, molecules than NiO(200), consistent with the observed experimental results. And the O, activation
over these Au/NiO catalysts should obey the Epling-Xu mechanism during the aerobic CO oxidation.*® And the formed carbonate or bicar-
bonate species on the NiO oxide supports occupy the active sites for O, decomposition, which results in the U-shaped relations of CO oxida-
tion activity vs. temperature in the systems of Au/NiO-R and Au/NiO-S catalysts. In contrast, in the high temperature region, in which CO oxida-
tion activity shows a normal Arrhenius-type behavior, O, can dissociate on the Au surface. The U-shaped activity curve could therefore also
originate from the transition of low-temperature to high-temperature mechanism,"* which in turn is affected by the capability of the catalyst
to provide reactive oxygen at different temperatures.”” The rate of 1.78 molco ga,~ ' h™" achieved with the Au/NiO-R catalyst (Figure 3C) is
within the highest reaction rates reported in the literature for other Au/NiO composites (e.g., 1.74 molco gau ™' s~ of Au-Ni/SiO,™ and
1.63 molco gau ' s of Ni-Au/SiO,*") and generally for Au-based systems.”’ ™ However, an outstanding exception represents the Au
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Figure 4. DRIFTS analyses

DRIFTS spectra of CO adsorption on as-prepared Au/NiO catalysts with different morphologies: (A and B) Au/NiO-R, (C and D) Au/NiO-S, and (E and F)
Au/NiO-D.

single-atom catalysts supported on NiO reported recently by Mochizuki et al.** These Au single-atom catalysts exhibit an outstanding activity
for CO oxidation, which exceeds that of all other nanoparticulate Au/NiO catalysts. Figure 3D demonstrates that the activity of the present Au/
NiO catalysts is strongly related to the proportion of adsorbed oxygen to lattice oxygen (O,4s/Ojare) determined by XPS, which indicates that
this ratio is crucial for the governing reaction mechanism (e.g., Mars-van Krevelen (MvK) mechanism at low reaction temperature (<200°C).%

Diffuse reflectance infrared fourier transform spectroscopy (DRIFTS)

DRIFTS of adsorbed CO was used to examine the state of the surface gold atoms and the CO adsorption on the catalysts at room temper-
ature.” Figure 4 shows that the intensity and the shape of the band due to CO adsorbed on the Au/NiQ catalysts are very different. The CO
adsorption on Au/NiO-R and Au/NiO-S at room temperature gave rise to three bands in the carbonyl stretching region, their maxima being
located at 2116, 2142, and 2172 cm ™", respectively. The band observed at 2116 cm~'canbe assigned to Au’-COandthe2142cm™ frequency
region can be attributed to CO molecules adsorbed on partially positive charged gold Au®*-CO (0 < 3 < 1),°" while the band at 2172 cm ™" is
attributed to CO adsorption on Au™ (CO-Au™).” Interestingly, with Au/NiO-R and Au/NiO-S, the signal of Au®-CO (2116 cm™") and Au*-CO
(2172 cm ") rapidly decreased while the peak of Au®*-CO (2142 cm™") increased during the CO adsorption process. For Au/NiO-D, the band
at 2142 ecm™" can be attributed to CO molecules adsorbed on partially positive charged gold Au®*-CO (0 < & < 1). Simultaneously, another
absorption band appeared at 2064 cm™', which is attributed to CO adsorbed on a negatively charged gold surface.>

As shown in Figure 4, the intensity of the two bands at 2143 cm™" and 2064 cm™" gradually increased during the CO adsorption process.
The Au®* species have a stronger CO adsorption ability resulting in higher catalytic activity. Au®" sites appear to play a significant role at least
as adsorption sites for CO oxidation. The activity enhancement of Au/NiO-R and Au/NiO-S can be attributed to the partial transition from Au*
to Au®*. To gain deeper insight into the origin of the high activity and the deactivation of Au catalysts, the formation of surface species on the
Au/NiO catalysts during reactions at RT has been tracked by DRIFTS measurements under identical reaction conditions. As shown in
Figures 4D, a strong band due to gaseous CO, appeared, as indicated by the presence of the P and R branches at 2338 cm™' and
2360 cm~". For Au/NiO-R and Au/NiO-S catalysts, the interaction between CO, and the support is weak enough to allow for CO, desorption
and therefore the continuous formation of gaseous CO,. This is in good agreement with the observation of substantial amounts of CO, gas in
the desorption measurements (Figure 3D). It can be proposed that the partial loss of activity in the initial period of the stability tests at 30°C
(Figure 3B) is caused by the competing processes of CO oxidation and catalyst deactivation due to the formation of surface carbonate spe-
cies, which either block active sites or hinder access of reactants to these sites.”*>°
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Such kind of site blocking by the activated formation of carbonate species could also explain the absence of high catalytic CO oxidation
activity if the temperature is below 160°C on Au/NiO-R, and Au/NiO-S, and below 60°C on Au/NiO-D. The slower formation of surface car-
bonate species at temperatures higher than 160°C for Au/NiO-R and Au/NiO-S, and higher than 60°C for Au/NiO-D may be due to either an
activation barrier for this process or to surface blocking (“competitive adsorption”) by COy.4. As shown in Figure 4D, the bands in the spectra
at2338 cm ™" and 2260 cm ™" stand for the formation of CO,. The drifts of CO, signals increase in the order Au/NiO-D > Au/NiO-R > Au/NiO-S,
in line with the higher catalytic activity at T > 100°C of Au/NiO-D compared to Au/NiO-R and Au/NiO-S.

DISCUSSION

Different morphologies of NiO, nanorods (Au/NiO-R), nanodiscs (Au/NiO-D), and nanosheets (Au/NiO-S) were synthesized by hydrother-
mal and wet chemical synthesis and employed as supports for the preparation of Au/NiO catalysts. The different NiO architectures were
decorated with Au NPs of 2 nm (nanorods and nanosheets), and 3.2 nm average size (nanodiscs). TEM/STEM investigations suggest that
dominantly the Au(111) facet of the deposited Au particles was exposed on the different NiO architectures. These catalysts were evaluated
for CO oxidation reaction in the temperature range of 30°C-220°C. While Au/NiO-D showed a normal temperature dependence of the
activity (Arrhenius-type behavior), Au/NiO-R and Au/NiO-S exhibited an anomalous activity behavior, characterized by a U-shaped activity
curve. XPS investigations revealed distinct variations of surface oxygen species, as reflected by the surface O,4s/O)ar ratio, depending on
the NiO architecture. The surface O,4./O)anratio decreased in the order of Au/NiO-R > Au/NiO-D > Au/NiO-S in line with the CO oxida-
tion activity measured at 30°C. The most active catalyst Au/NiO-R in this study had the highest O,qs/Ojant ratio, which is the highest
amount of facile and reactive oxygen species. lts stable rate for CO oxidation of 1.78 molco ga,~' h™' is comparable to the most active
Au/NiO- and other Au-based supported catalysts reported in the literature. DRIFTS measurement indicated that Au®* species are crucial
CO adsorption sites promoting CO oxidation over all Au/NiO catalysts. Finally, the catalytic CO oxidation over Au/NiO composites should
obey Mars-van Krevelen mechanism at reaction temperature of <200°C and Eley-Rideal mechanism at high temperature of >240°C,
respectively.

Limitations of the study

Our study offers insights into the morphologic effect of NiO supports on tailoring the catalytic behavior in the CO oxidation. It is
observed that the Au/NiO-nanosheet with dominated NiO{110} facet exhibited a normal Arrhenius-type behavior, and the Au/NiO-nano-
rod (dominated NiO{200} facet) and Au/NiO-nanodisc (dominated NiO{220} facet) displayed an atypical U-shaped behavior (activity vs.
temperature). The experimental results combined with theoretical calculations corroborated that these different catalytic behaviors
should be mainly attributed to the accumulation of carbonate/bicarbonate species on active sites of NiO supports. Au/NiO-nanorod
showed a stable CO-conversion rate of 1.78 molco ga, ™' h™" at 30°C that is comparable with the reported supported Au-based systems
so far. And the catalytic CO oxidation over Au/NiO should obey Mars-van Krevelen (<200°C) and Eley-Rideal mechanism (>240°C). These
results might not extrapolate universally to other NiO with different morphology and facets, and the mechanism is not well revealed by
in-situ/operando methods. Therefore, further studies on metal oxides with different morphology and facets should be necessitous to
extend these findings.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals

NiSOy4-7H,0 Adamas 10636BA
NaBH,4 Adamas G29269C
NaOH Adamas G19852D
Ni(CH3COO),-4H,0 Adamas 69069A
Na,CO3 Adamas 24073D
HAuCl4 Adamas 44406B

Software and algorithms

Gaussian09 Frish et al.’ https://gaussian.com
XPSPEAKA41 software xpspeak https://xpspeak.software.informer.com
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Gao Li (gaoli@dicp.ac.cn).

Materials availability

This study did not generate any new materials.

Data and code availability
e All the information about the data reported here is included in this paper.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Synthesis of NiO oxides with different morphologies

The synthesis routes of the Au-NiO nanocatalysts supported on the morphologically different NiO is illustrated in scheme S1. NiO oxide nano-
rods (denoted as NiO-R) were prepared via a hydrothermal method. In brief, 19.6 mmol of nickel sulfate hexahydrate (NiSO,4-6H,0), in 40 mL
water, was led to react with 6.6 mmol of sodium hydroxide (NaOH, in 40 mL water), pH ~7.3 in a Teflon-lined autoclave. After vigorously stir-
ring for 30 min, the temperature was ramped up to 120°C for 24 h. The precipitates were washed several times with water and methanol before
drying at 80°C, and then calcined at 400°C for 2 h yielding NiO-R.

NiO nanodiscs (denoted as NiO-D) were prepared using a similar hydrothermal method. 2.45 mmol NiSOy4-6H,0 (40 mL water) was let to
react with 3.3 mmol of NaOH (in 40 mL water) at 40°C and kept 3 h under stirring. The reaction temperature and time in the autoclave were the
same as those used for the preparation of the nanorods. However, the calcination was carried out at 300°C for 3 h yielding NiO-D. The nano-
sheet-like NiO (NiO-S) was synthesized via a wet chemical synthesis method by dissolving 0.05 mol of nickel acetate tetrahydrate
(Ni(CH3COO),-4H,0) in ethylene glycol in a 1L round bottom flask at 120°C for 0.5 h under magnetic stirring. Then 0.5 L of aqueous sodium
carbonate (Na,COj3, 0.2 M) solution was added dropwise (2 mL min~") to the above mixture. After the addition of the aqueous solution of
Na,COs3, the mixture was kept at 120°C for 1 h. Then, it was cooled to room temperature and the precipitates were washed several times
with distilled H,O and ethanol before drying at 80°C overnight. The dried product was calcined at 300°C for 3 h yielding NiO-S.

Preparation of Au/NiO catalysts

The deposition of gold nanoparticles on the differently shaped NiO samples was achieved by impregnation with a nominal Au loading of ca. 1
wt %. 1 g of NiO support was added to the colloidal gold solution, which was prepared using PVA (polyvinyl alcohol). After stirring for 3 h, Au/
NiO catalysts were washed with water and ethanol and then calcined at 300°C in air to remove the organic surfactant as evidenced by tem-
perature-programmed oxidation (O,-TPO) analysis. ICP-MS confirmed that the Au loadings of the Au/NiO-R, Au/NiO-S, and Au/NiO-D were
~0.90 wt %.
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Catalytic investigations

CO oxidation was conducted in a continuous flow tubular fixed-bed glass reactor with an inner diameter of 1 cm. Before the tests, samples
were pretreated at 300°C using a 20%0,/He mixed gas and then cooled down to ca. 30°C. The feed gas (1%C0O/20%0O,/He) of 50 mL min~"
was passed over the catalyst corresponding to a gas hourly space velocity (GHSV) of ~60,000 mL geoe ' h™". The catalytic behavior was inves-
tigated by raising the temperature from 30°C to 220°C. At each indicated reaction temperature, data were acquired after 1 h and confirmed
by repetitive runs. In addition, long-term experiments were carried out to test the stability of the catalysts. The amounts of CO and CO, at the
outlet streams of the reactor were analyzed by an online gas chromatograph. The conversion of CO (Xco) was calculated based on the
measured CO consumption and CO, formation and calculated according to:

_ C:CO,'m - CCO,out x 100%

XCO - CCO.in

where, Cco,in and Cco out are the concentrations of the gases at the reactor inlet and outlet.

Characterization

The powder X-ray diffraction patterns were recorded using an X-ray powder diffractometer (SmartLab) with Cu Ko radiation at 40 kV and 30
mA in the 10° to 70° at a scan rate of 10° min~". The specific surface area of the supports was determined on a Micromeritics ASAP 2020 sur-
face analyzer (Quantachrome) using nitrogen adsorption at 77 K and the BET method. The samples were pretreated at 400°C in a vacuum
overnight before the isotherm measurements. The pore size distributions were calculated from the desorption isotherms employing the
Barret-Joyner-Halenda method. Scanning transmission electron microscopy (STEM) images were recorded on an F200 microscope operated
at 300 kV. The specimen was prepared by ultrasonically dispersing the sample into ethanol, and depositing droplets of the suspension onto a
carbon-enhanced copper grid, followed by drying them in air. Transmission electron microscopy (TEM) images were recorded on a FEl Tecnai
G2 Spirit microscope operated at 120 kV. X-ray photoelectron spectra (XPS) were measured on an ESCALAB MK-II spectrometer using an
aluminum anode for Ko (hv1484.6 eV) radiation. The equipment base pressure was 1.7 X 107'° mbar, and all samples were characterized
at room temperature. Detailed spectra were recorded for the region of Ni 2p, O1s, and Au 4f photoelectrons using a 0.1 eV step. Analysis
was performed by the XPSPEAK41 software, and charging effects were corrected by adjusting the binding energy (B.E.) of C1s to 284.6
eV. The spectra were deconvoluted using the XPSPEAK program by curve-fitting with a mixed Gaussian-Lorentzian function. Fourier transform
infrared (FT-IR) measurements were recorded on a Bruker VERTEX 70 instrument equipped with Bruker HYPERION 3000. The sample was
firstly pretreated at 300°C for 1 h under O,/He with a flow rate of 25 mL min~" to eliminate water traces. After the sample was cooled to
room temperature in a helium flow (25 mL min~"), the background spectra were recorded and used as references. Then the flowing gas
was switched to 1 vol % CO/He and the spectra were collected. Inductively coupled plasma-mass spectrometry (ICP-MS) was conducted
on PerkinElmer ICP-MS NexION 300D. The samples were dissolved in an aqua regia solution (HCl: HNO3 = 3:1 v/v) at 80°C for 2 h, and
then the solution was diluted with Nanopure water (resistance 18.2 MX cm, purified with a Barnstead NANO pure Di-water TM system) in
a volumetric flask before the test. CO,-temperature programmed desorption (CO,-TPD) was carried out on a Micromeritics Autochem Il che-
mosorption analyzer. Before measurements, 100 mg of Au/NiO (40-60 mesh) were packed into the quartz reactor and pretreated for 2 h in a
He flow of 20 mL min~" at 400°C. Afterward, the reactor was cooled down to room temperature and the sample was saturated with 10 vol %
CO, (balanced by He) at room temperature. The desorption profiles were recorded by ramping the reactor temperature up to ~500°C at a
heating rate of 10°C min~". The evolving CO, species (m/z 44) were monitored online by GC-MS.

Computational methods

The calculations were performed using the Vienna ab initio simulation package code (VASP).>® The wave function was expanded by the plane
wave, with a kinetic cut-off of 520 eV. The generalized gradient approximation with the spin-polarized Perdew—Burke—Ernzerhof (PBE) func-
tional was used.”’*® The convergence tolerance for residual force and energy on each atom during structure optimization was set to 0.02 eV/A
and 10~ eV, respectively. The periodically repeated slabs on the surface were decoupled by 15 A vacuum gaps. A Monkhorst—Pack grid of
(2 X 2 x 1) k-points was used in the calculations. Besides, the bottom half atoms were fixed to bulk while the others are relaxed.””
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