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Abstract
[bookmark: _Hlk49890466]Elucidation of reaction mechanisms and the geometric and electronic structure of the active sites themselves is a challenging, yet essential task in the design of new heterogeneous catalysts. Such investigations are best implemented via a multi-pronged approach that comprises ambient pressure catalysis, surface science, and theory. Herein, we employ this strategy to understand the workings of NiAu single-atom alloy (SAA) catalysts for the selective non-oxidative dehydrogenation of ethanol to acetaldehyde and hydrogen. The atomic dispersion of Ni is paramount for selective ethanol to acetaldehyde conversion, and we show that even the presence of small Ni ensembles in the Au surface results in the formation of undesirable byproducts via C-C scission. Spectroscopic, kinetic, and theoretical investigations of the reaction mechanism reveal that both C-H and O-H bond cleavage steps are kinetically relevant and single Ni atoms are confirmed as the active sites. X-ray absorption spectroscopy studies allow us to follow the charge of the Ni atoms in the Au host before, under, and after a reaction cycle. Specifically, in the pristine state the Ni atoms carry a partial positive charge which increases upon coordination to the electronegative oxygen in ethanol and decreases upon desorption. This type of oxidation state cycling during reaction is similar to the behavior of single-site homogenous catalysts. Given the unique electronic structure of many single-site catalysts, such a combined approach in which the atomic-scale catalyst structure and charge state of the single atom dopant can be monitored as a function of its reactive environment is a key step towards developing structure function relationships that inform the design of new catalysts.  
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INTRODUCTION
[bookmark: _Hlk49891684]Following Taylor’s concept of the active center of a catalytic surface, identifying the sites responsible for the catalytic reactivity and selectivity of a heterogeneous catalyst is a challenging but crucial task in the rational design and development of more efficient catalysts for industrially significant reactions.1 Towards this goal, single-site heterogeneous catalysts, with their active site homogeneity make characterization and understanding catalyst structure-function relationships achievable.2 Within the framework of single-atom catalysis, single-atom alloys (SAAs) that comprise isolated atoms of active metals embedded in more inert but more selective metal hosts are a subclass that has drawn particular attention in recent years.3,4 This interest arises from their unique properties that include selective reactions for a variety of chemistries, resistance to coking, and tolerance to CO poisoning, as well as their ability to escape linear scaling relationships that limit traditional catalyst performance.5 Interestingly, in some cases it has been shown that despite being alloyed in the surface of a host metal, the minority metal atom in the SAA retains a free-atom-like electronic structure, which can account for some of the unique catalytic behavior of SAAs.6 The origin of this effect stems from poor energetic and spatial overlap of the d-orbitals of the dopant and host metals which results in the dopant atom exhibiting a pronounced, narrow density of states near the Fermi level. 
Despite the progress in investigating the electronic structure of SAAs theoretically, operando information on the precise state of the dopant atoms in working catalysts is still rather elusive. Identifying the electronic configuration of the active site during the reaction can yield more information about the behavior of SAA catalysts under operating conditions and help elucidate the role of the dopant metal atom in the reaction. While theoretical tools and catalytic activity tests can give indirect insights into the process, advanced spectroscopic instruments are critical for gaining a full picture of such structure-function relationships. To that end, work by Greiner et al. demonstrated the free-atom-like d-state of the minority element, Cu, in CuAg SAAs in situ and under methanol reforming conditions via ambient pressure x-ray photoemission spectroscopy (AP-XPS). Their measurements had to be performed on model unsupported CuAg catalysts, making it difficult to extrapolate to working supported catalysts under similar conditions. As XPS is not a trace elements technique it is not possible to perform similar measurements on SAA catalysts present in low concentration. Similar challenges arise for conventional x-ray absorption spectroscopy measurements rendering such investigations challenging. High-energy-resolution fluorescence detection (HERFD) x-ray absorption near edge structure spectroscopy (XANES) is a promising alternative that can circumvent these limitations. The high sensitivity of the technique allows determination of the electronic structure of even the most dilute samples under reactive atmospheres.7 Its ability to extract high quality information on the oxidation state of the element of interest and its interaction with reactant molecules has proven valuable in identifying the reaction mechanism on single-atom Ir on MgAl2O4 catalysts with low Ir loadings.8 
The focus of the current work, non-oxidative ethanol dehydrogenation (EDH), is of industrial interest owing to its potential to provide a route for hydrogen and acetaldehyde production.9 Acetaldehyde is recognized as a key building block for the production of high-added value chemicals, such as acetic acid, 1-butanol, acetate esters, C-8 aromatics, and jet fuel.  Alternatives have been sought to replace the inefficient industrially used oxidative process, including reactants and products over-oxidation, and challenges and costs associated with H2O separation.10 The non-oxidative route can ameliorate these issues, as the selectivity to the desirable acetaldehyde remains high and the main byproduct is H2 that does not require a costly separation process.11,12 Given the significance of the EDH reaction, the development of active, selective, and stable catalysts is an important goal. 
Copper-based catalysts have been considered commercially for this reaction due to their considerable reactivity and high selectivity to the desired pathway. Unfortunately, these catalysts suffer from rapid irreversible deactivation, observed even during the first hour on stream, due to particle sintering.13 Au-based catalysts are a promising alternative, due to their higher sintering resistance and selectivity for the reaction.14,15 However, selectivity comes at the expense of lower activity. As a consequence, regardless of the support used, supported gold nanoparticles (NPs) exhibit appreciable hydrogen and acetaldehyde yield only at elevated temperatures (above 200℃).15 Alternatively, we have shown that Au NPs doped with Ni atoms can be reactive at considerably lower temperatures (below 150℃) compared to other Au-based systems, while maintaining close to 100% selectivity without deactivation over a large temperature range.16
A key step towards designing new catalysts is understanding and characterizing of the state of the catalyst under operating conditions and the associated reaction mechanism. While such studies of the EDH reaction mechanism have been reported on Ag-based17,18 and Cu-based systems supported on various supports or doped with minimal amounts of more reactive metals,19,20 investigations of Au-based systems have been limited to theoretical investigations and single-crystal studies on Pd-rich surfaces.21–23 Herein, we provide an in-depth study of the EDH reaction mechanism on both Au and NiAu SAA catalysts, identifying Ni single atoms as the active site, and interrogating their oxidation state under reaction conditions by employing kinetic and spectroscopic investigation on supported and unsupported catalysts coupled with single-crystal studies, theoretical calculations, and x-ray techniques.
EXPERIMENTAL SECTION
Catalyst synthesis
Synthesis of supported NiAu nanoparticles was achieved following a sequential reduction method as discussed previously.16 Briefly, PVP-Au colloids were synthesized as described by Tedsree et al.24 at a PVP:Au molar ratio of 35:1. More specifically, ~500 mg of gold precursor (HAuCl4) dissolved in 10 mL ethylene glycol was added to a solution containing 50 mL ethylene glycol and 2 g of PVP (MW=58,000 g/mol). An inert gas atmosphere was obtained by flowing N2 or He through the flask. NaHCO3 was added, and the temperature was immediately increased to 90°C and held for 2 h before cooling to ambient temperature. The wine-red color of the suspension was indicative of Au NP formation. Nickel precursor (NiCl2) dissolved in ethylene glycol was then added into the suspension to obtain the desired atomic ratio of Ni and Au. Small amounts of hydrazine (1.6 mM) and an appropriate amount (10 μL/mL) of 1 M NaOH were added to promote Ni reduction25 while the temperature was increased to 60°C and held for 1 h before the mixture was cooled to room temperature. The fumed silica support was first calcined in static air at 650°C for 5 h to remove organic impurities and then suspended in ethanol (1 g pre-calcined silica per 100 mL ethanol). The mixture was thoroughly mixed with 2 h of stirring and 1 h of sonication before the NiAu solution was added dropwise while the slurry remained under sonication. The resulting solution containing NiAu/SiO2 was kept stirring overnight. After filtration and washing with ethanol and DI water, the final sample was dried under vacuum overnight and calcined in air at 400°C for 5 h to remove the capping ligand (PVP) and improve the association of the metal and the support. The Au metal loading on the silica support is 5%, as indicated by inductively coupled plasma (ICP) elemental analysis, while the average particle size of these NiAu nanoparticles is 12 ± 2 nm, as has been shown previously with transmission electron microscopy.16 Synthesis of small (~8 nm in size) Ni nanoparticles supported on silica was performed following the steps described above for the decoration of Au nanoparticles with Ni atoms by reducing Ni precursor in the presence of small amounts of hydrazine.25
Synthesis of unsupported nanoporous NiAu samples was performed at the Lawrence Livermore National Laboratory, as described previously.16 Briefly, nanoporous Au was first fabricated by immersing a silver-gold alloy (Ag70 Au30) in concentrated HNO3 solution to  selectively  leach silver from the Ag-Au alloy  over a two-day period. Wet impregnation of the resulting nanoporous Au with nickel(II) nitrate hexahydrate solution then ensured the filling of the pores with the desired amount of Ni precursor. The sample was subsequently freeze dried and annealed at 500°C for 1 h under hydrogen in order to reduce the deposited Ni26 and decompose the salt.27

Catalyst characterization
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements were conducted on a Thermo Scientific Nicolet iS50 FTIR Spectrometer with a Praying Mantis high temperature reaction chamber. Samples were reduced in situ with 10% H2/He at a flow rate of 10 mL/min at 350°C for 1 h. Ethanol was introduced in the DRIFTS cell via a saturator kept at room temperature, and He was used as a carrier gas.
High-resolution transmission electron microscopy (HR-TEM) images and energy-dispersive x-ray spectroscopy (EDXS) measurements were obtained using a JEOL 2010 electron microscope (200kV and 107 μA). An ethanol solution of the supported NPs was prepared and drop casted on a carbon film over a copper microgrid for imaging.
High energy fluorescence detection (HERFD) XANES measurements were collected at Beamline 6-2 at SSRL. A liquid-nitrogen-cooled double-crystal Si(311) monochromator was equipped to select the energy of the incident beam with a flux of ~3·1012 photons·s-1. A Rowland circle spectrometer (radius 1 m) equipped with three spherically bent Si(800) analyzers and a silicon drift detector were used to select the Ni K-1 (8264.66 eV) emission line with a measured energy resolution of 1.3 eV. A nickel foil standard was scanned in the transmission mode for energy calibration. Nine consecutive scans were collected for each sample to improve the signal-to-noise ratio. The analysis of the HERFD XANES data was carried out with the software ATHENA of the IFEFFIT package.28 The Ni K-edge (determined by the first inflection point of the absorption edge of the Ni foil) was calibrated to align absolute energy in the HERFD XANES spectra using a known glitch in the monochromator observed in the I0 signal of each scan. A least-squares Gaussian fit of the glitch, determined the error in the energy calibration of the samples to be 22 meV/0.022 eV. Energy calibration was achieved by aligning the glitch in each scan to the glitch in the Ni foil reference scans.
Ambient pressure reactor studies
The ambient pressure reaction studies were performed in a fixed-bed continuous flow reactor in which the catalyst was diluted at a 1:5 ratio with pre-calcined sand and stabilized between two quartz wool plugs. The reactor was heated by a furnace equipped with a temperature controller connected to a K-type thermocouple positioned at the top of the catalyst bed. Prior to testing, all catalysts were reduced under a flow of H2 (20% in He) with a flow rate of 10 mL/min at 400°C for 2 h to reduce NiO to metallic Ni26,29. The typical reaction gas composition was 2% ethanol (Sigma Aldrich, 200 proof) in He (99.999%, Airgas), achieved by feeding ethanol via a syringe pump into a flow of He controlled by a mass flow controller at a total flow rate of 20 mL/min unless otherwise stated. Kinetic isotope effect experiments were conducted using ethanol-OD (CH3CH2OD; Sigma Aldrich, 99% atom D) and ethanol-1,1-d2 (CH3CD2OH; Sigma Aldrich, 98% atom D). Reactant and product concentrations were measured by gas chromatography (Agilent 7890B). A flame ionization detector was used for the detection of ethanol, acetaldehyde, and ethyl acetate, which were separated on an HP-PLOT Q capillary column. H2, CO, and CO2 were separated on a Carboxen-1000 packed column and detected using a thermal conductivity detector. Particular attention was paid to ensure operation away from equilibrium (~1% conversion) during the kinetic isotope effect (KIE) experiments, while the equilibrium conversion at the conditions tested stands at 50% (at 150℃ for NiAu) and 80% (at 220℃ for Au). Reactor results are expressed as ethanol consumption rate, as the only products under these conditions are acetaldehyde and hydrogen and the carbon balance is nearly 100%.

Computational details
The single-atom alloy surface was modeled by using a 3×3 unit cell. The PBE functional with dDsC dispersion correction, 400 eV cut-off energy and 7×7×1 K-points were used.30,31 All the calculations were performed with VASP.32,33 The reaction rate constant kTST was calculated from the thermodynamic formulation of transition state theory (TST):
					(1)
Where  is the free energy difference between transition state and initial state (GTS – GIS). 
Translational, rotational, and vibrational degrees of freedom were included in the free energy calculations for the gaseous species. Eq. (2) and Eq. (3) were used to obtain the free energy values for linear and non-linear gaseous molecules, respectively:
                   	(2)
                   	            (3)
where EDFT is the electronic energy given by DFT, ZPE is the zero-point energy, kB is the Boltzmann constant, T is the temperature,  is the harmonic energy and S is the entropy. 
Surface species were assumed to have lost the translational and rotational degrees of freedom. Their free energies were hence calculated as follows:
                                                     	            (4)
Single crystal studies
Temperature-programmed desorption (TPD) analysis was performed in a ultra-high vacuum chamber (base pressure <1x10-10 mbar) using a Au(111) single crystal cleaned by cycles of sputtering Ar+ (1.5 keV, 10 μA) followed by 720 K anneals.34 Cleanliness was monitored via x-ray photoelectron spectroscopy. Ni was deposited onto the crystal held at 380 K using a physical vapor deposition source (EFM 3, Focus GmbH) at a flux of 0.04 ML/min as verified by CO titrations. The TPD traces were recorded using a heating rate of 2 K/s and the desorbing species monitored with a quadrupole mass spectrometer (HAL 301, Hiden Analytical).
Reflection absorption infrared spectroscopy (RAIRS) experiments were performed at the Center for Functional Nanomaterials (CFN) at Brookhaven National Laboratory in a UHV system with a connected preparation chamber and x-ray photoelectron spectroscopy (XPS) chamber for measurement of the Ni and cleanliness of sample. XPS data were obtained at room temperature using a SPECS PHOIBOS NAP 150 hemispherical analyzer and a monochromatic Al Kα x-ray source (1486.6 eV, ~0.25eV linewidth) focused on the sample to a spot size <300 µm (0.5 eV step, 0.1 s dwell time, 5 scans, 50 pass energy). Infrared data were collected using a Bruker 80 V spectrometer with a polarizer and an MCT detector (2000 scans, 4 cm-1 resolution). The sample was placed in a UHV chamber with KBr windows and the surface set at ~8° to the beam. The RAIR spectra were taken at room temperature while the chamber was filled to 1 x 10-6 mbar with CO.
RESULTS AND DISCUSSION
[bookmark: _Hlk49892045]Significance of reactive atom dilution - Single-crystal and theoretical studies
[bookmark: _Hlk74295072]As a first step in investigating structure-function relationships in NiAu alloys, UHV and theoretical studies of model NiAu(111) crystal surfaces were employed. Figure 1A shows temperature program desorption (TPD) profiles of hydrogen (m/z = 2) evolution after ethanol deposition on a NiAu(111) surface as a function of Ni coverage. At low Ni coverages (< 0.15 monolayer (ML)), two H2 desorption peaks are observed, at 140 and 175 K. These desorption peaks are attributed to ethanol, which does not react with Au(111) under these UHV conditions (Fig. 1D) but rather desorbs below 200 K at low Ni coverages (Fig. 1B) and contributes intensity to the m/z = 2 mass spec signal. At higher Ni coverages (0.21 ML), two m/z = 2 peaks that we can attribute to H2(g) appear at higher temperatures (280 and 356 K) and are associated with complete decomposition of ethanol. Importantly, no acetaldehyde was seen desorbing at any Ni coverage. To probe the nature of the Ni sites in the Au surface, and thus relate surface structure to chemical reactivity, CO RAIRS was performed on the NiAu SAA and the 0.22 ML NiAu surface. The 0.22 ML NiAu surface contains Ni ensembles as evidenced by the appearance of bridge bound CO at 1911 cm-1, while the 0.03 ML NiAu surface only had one IR peak corresponding to CO atop Ni atoms at 2034 cm-1 (Fig. 1C).35,36 It should be noted that similar changes in the IR spectra were observed when comparing NiAu nanoparticles of varying Ni content that result in samples comprising solely Ni isolated atoms or a mixture of isolated Ni atoms and small ensembles (Fig. S2). Coupled with the TPD results, our observations reveal that under UHV conditions, single atoms of Ni in Au adsorb ethanol reversibly without activation. On the contrary, higher Ni coverages lead to the formation of small Ni ensembles which catalyze the unselective decomposition of ethanol as evidenced by the evolution of high temperature H2 (Fig. 1D).37,38 
This high sensitivity of the ethanol dehydrogenation reaction towards the decomposition pathway in the presence of Ni ensembles is further understood via DFT calculations of the acetaldehyde decomposition barrier (i.e., C-C bond cleavage) over Ni monomer, dimer, and trimer sites (Table 1). While the C-C bond decomposition barrier is 2.04 eV for the NiAu SAA surface (denoted as Ni1Au in Table 1), a significant ~0.9 eV drop is observed for Ni dimers (Ni2Au), and trimers (barrier of 1.16 and 0.97 eV respectively). This is consistent with the easy C-C bond cleavage which has been reported for Pt-group metals (PGM) that coordinate acetaldehyde in a η2(C,O) conformation39 facilitating the decomposition pathway. As a result, in the presence of even small ensembles of Ni, acetaldehyde decomposition towards COx, CH4, and H2 is observed.16 On the other hand, isolation of the active Ni atoms in the Au lattice prevents this adsorption mode, and instead the acetaldehyde molecule is bound to the SAA surface via a η1(Ο)-conformation (as shown later in Fig. 3B), which leads to its reversible adsorption/desorption as observed in the TPD experiments. 
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Figure 1. Temperature Programmed Desorption traces after ethanol exposure for A) H2 (m/z = 2). The shaded rectangle highlights the temperature window over which H2 desorption from ethanol decomposition occurs and B) Ethanol (m/z = 46) from NiAu(111) as a function of Ni coverage. The shaded rectangle highlights the temperature window over which the reversible desorption of ethanol occurs. C) CO-RAIRS of 0.03 ML and 0.22 ML Ni coverages D) Scheme of ethanol interaction with NiAu(111) surfaces presenting different Ni ensembles (upper: Isolated Ni atoms; lower: extended Ni surfaces)
Table 1. Calculated C-C bond scission barriers for Nix-Au(111) surfaces x=1,2,3
	(111) surface
	C-C bond scission, eV

	Ni1Au
	2.04

	Ni2Au
	1.16

	Ni3Au
	0.97



Reaction Mechanism – Experimental studies
Our surface science and DFT studies indicated that the presence of even small Ni ensembles leads to unfavorable reactivity in terms of unselective ethanol decomposition on Ni ensembles. This indicates that dilute NiAu samples with IR signals characteristic of CO atop single Ni atoms and a lack of bridge bound IR signals at lower wavenumber should be the most promising catalysts for the selective conversion of ethanol to acetaldehyde and hydrogen. The first consideration when moving from unsupported single crystal model systems to practical nanoparticle catalysts is the effect of the support. While it is known that silica is inactive for ethanol decomposition at temperatures below 300℃40, one must ensure that no Ni is deposited on the support as catalyst reactivity could be incorrectly assigned to Ni in a SAA as opposed to small cluster form. First, imaging of the silica supported NiAu SAA samples via EDXS elemental mapping showed no measurable signal of Ni deposition on the silica support. Ni is only detected where the Au NPs reside (Fig. S1), as expected for the sequential reduction synthesis method, which involves Ni (75 ppm) addition to Au colloids and synthesis of the colloidal NiAu nanoparticles in the solution prior to deposition on the silica support.16 The lack of Ni on the support and the coordination of Ni only with Au maximizes the possibility for site uniformity, an essential requirement for the kinetic and spectroscopic investigations that follow.
Operando ethanol DRIFTS investigations were first employed to deduce the reaction mechanism, as has been previously performed on Ag- and Cu- based catalysts.17,19 Comparison of the ethanol DRIFT spectra between Au/SiO2 and NiAu/SiO2 shows clear evidence for the beneficial effect of Ni atom doping on the reactivity, as acetaldehyde was found to be formed on the surface of NiAu at temperatures below 150℃ (Fig. 2B), while signs of acetaldehyde formation on Au/SiO2 were not observed until 200℃ (Fig. 2A). Formation of acetaldehyde either bound on the surface or present in the gas phase can be verified by the peaks observed at 1730 and 1760 cm-1, respectively.41 These results are in line with our previous reactor tests in which we compared NiAu to pure Au nanoparticle catalysts and find that Ni atoms make Au active at lower temperatures while maintaining 100% selectivity to acetaldehyde. Specifically, a considerable drop in the apparent activation energy was measured (96±5 kJ/mol for Au vs 61±2 kJ/mol for NiAu), while NiAu catalysts demonstrated 100% selectivity at 27% conversion at 250℃ for more than 50 hours on stream.16 Unfortunately, DRIFTS studies were inconclusive towards determining the reaction mechanism for the supported NiAu/SiO2 catalysts of this study, as spectator ethoxy species adsorbed on the silica interfere with interpretation of the intermediates, as discussed in the Supporting Information (Fig. S3). 
In KIE studies of silica supported Au NPs and NiAu SAAs, the catalytic activity of non-deuterated ethanol was compared to isotopically labeled ethanol, deuterated in either the α C-H or O-H position. First, the activity of non-deuterated ethanol over an Au/SiO2 catalyst was followed under steady state at 220℃ at conditions away from equilibrium. The acetaldehyde formation rate was measured as 8.7 μmol/molAu·s (Fig 2C). Following that, deuterated ethanol (CH3CD2OH) was introduced to the flow reactor and a two-fold decrease in catalytic activity was observed. Experiments over silica supported NiAu SAAs conducted at 150℃ (Fig. 2D) showed a similar drop in the reactivity (kH/kD= 1.9), signifying the presence of a KIE linked with the C-H bond cleavage elementary step.42–44 This is in line with the existing literature on alcohol activation over various bimetallic systems.19 However, further investigation on the role of the O-H dissociation step in the reaction mechanism is required. To that end, deuterated ethanol was used, where the hydrogen atom in the O-H is replaced by a deuterium atom (CH3CH2OD). A drop in reactivity is observed for both NiAu SAAs and Au NPs (~ 1.5 in both cases, Fig, 2C, D) when switching between the regular (OH) and deuterated (OD) ethanol in the feed, indicating that the O-H bond cleavage step also plays a kinetically relevant role in the reaction mechanism. This is also consistent with previous work in which the kinetic significance of both C-H and O-H bond scission steps has been discussed for the non-oxidative activation of ethanol and 2-octanol over Cu and Ni catalysts supported on acidic or basic supports.20,45 
Related to these results, Suskevich et al. obtained similar data from their spectroscopic and isotopic experiments for the EDH reaction over Ag/SiO2 catalysts (kH/kD=1.9 and 1.8 for C-H and O-H respectively).17 Their analysis suggested the existence of a concerted mechanism in which O-H activation takes place on the support and C-H activation occurs on the Ag surface, and they concluded that the two sites must be in close proximity. As mentioned above, ethoxy species formed on the support are in fact spectator species in the reaction and do not react further. However, while there is a possibility for a concerted, two-site mechanism over supported monometallic Au, it is unlikely that this mechanism also holds for the case of NiAu SAAs. First, migration of the ethoxy species from the support to NiAu domains is unlikely and second, as the Ni atoms are present in very low concentration, it is not expected that a sufficient number exist in close enough proximity to SiO2 to activate ethanol. However, while this analysis is challenging for supported NiAu SAA nanoparticles we also studied unsupported nanoporous NiAu SAAs in order to deconvolute the role of the SAA from that of the support. Our KIE investigations of the unsupported catalysts yielded similar values (Fig. S4) to the supported catalysts (kH/kD=1.7 and 1.5 for C-H and O-H respectively), suggesting that the reaction mechanism is the same in both silica supported and unsupported nanoporous catalysts. This claim can be further supported by the similar apparent activation energy measured on nanoporous (np-) NiAu and NiAu/SiO2, as shown previously.16 These results allow us to rule out that the aforementioned concerted EDH reaction, involving sites on both the support and the NiAu SAA nanoparticles, is the primary mechanism. 
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Figure 2. Ethanol DRIFTS using A) Au/SiO2 and B) Ni0.005Au/SiO2 focusing on the C-O regime (1850-1600 cm-1). KIE studies using C) Au/SiO2 (2 kPa EtOH in He, 10 cc/min, 150 mg catalyst, 220℃), ethanol injected: i) pure ethanol, ii) CH3CH2OD, iii) pure ethanol, iv) CH3CD2OH and  D) NiAu/SiO2 (2 kPa EtOH in He, 20c c/min, 150 mg catalyst, 180 ℃), ethanol injected: i) pure ethanol ii) CH3CD2OH, iii) pure ethanol iv) CH3CH2OD 
Reaction mechanism - Theoretical studies
[bookmark: _Hlk65017810][bookmark: _Hlk65017991]The KIE results provide insights into the kinetic significance of the C-H and O-H cleavage steps, and we further this understanding through DFT simulations of the reaction mechanism. H2 partial pressures equal to those measured at the reactor outlet (0.0003 bar) at the temperature examined in kinetic tests (150℃) were used for the calculations and the pressure of aldehyde was set to the same value for stoichiometric reasons. The internal adsorption energy of ethanol on Ni is significant (-0.66 eV), but at high temperature and low pressure, the entropy of gas phase ethanol is large, which makes the initial adsorption state endergonic. The free energy profile for the dehydrogenation of CH3CH2OH on a NiAu(111) SAA surface is shown in Figure 3A, and two possible reaction pathways are calculated: α C-H dissociation followed by O-H dissociation (blue pathway) and O-H dissociation followed by α C-H dissociation (red pathway), as shown in Fig. 3B. After the first dehydrogenation step (TS1), the dehydrogenated H atoms are able to desorb from the alloy surface (IM1 to IM2) because the gas phase H2 is thermodynamically more stable than surface bound H and the barriers for the translation and recombination of H atoms and desorption of H2 from the alloy surface are quite low. Based on the overall barriers, it is evident that the pathway initiated by the C-H dissociation (blue) is the more favorable one. While there is a general consensus in literature studies of supported catalysts that O-H bond activation is the first step, followed by C-H bond scission, here we observe a different pathway in line with DFT and microkinetic modelling studies of EDH on Pd(111) and Pt(111).46,47 This reaction pathway was also suggested for unsupported NiCu alloys48, however on pure Ni(111), O-H activation has been identified as the first step.38
On the blue pathway, the effective free energy activation barrier, also called energetic span,49 is between the initial gas state of ethanol (0 eV) and the OH bond cleavage transition state (TS2, 1.17 eV). This effective free energy barrier, which controls the rate of the dehydrogenation reaction, can be viewed as the sum of the reaction free energy of the first C-H cleavage step, from gas phase to the IM2 intermediate, and the free energy barrier of the second O-H cleavage step. The corresponding enthalpy barrier (Fig. S5) is 0.73 eV, in good agreement with the experimental value (0.59 eV). 
Under the reaction conditions in our study (Figure 3a), the energetic span approximation can capture the important features of the reaction mechanism. The predicted rates agree with those found by a microkinetic model parameterized with DFT-calculated kinetic coefficients (Tables S1 and S2). This agreement can be explained by the degree of rate control (DRC) of surface intermediates and transition states (Table S3). Out of all surface intermediates, only the bare active site has appreciable DRC (-0.996). Correspondingly, it is clear from Figure 3a that the formation of all other reactive intermediates is endergonic with respect to the gases in the reaction environment. On the other hand, the transition state for the dehydrogenation of the 1,1-hydroxyethyl intermediate has the highest degree of rate control out of all TS (0.943, Table S3). In combination with the tendency for the DRC of all TS in such a single-net-gas-reaction mechanism to add up to 1, we see that the energetic span approximation is suitable for the interpretations of reactivity in our case where adsorbate coverage is small.50 As we have now identified the rate-controlling states in the reaction mechanism, the KIE can be qualitatively addressed by comparing the Gibbs free energy spans of the dehydrogenation (and de-deuteration) of CH3CH2OH, CH3CD2OH and CH3CH2OD.51 
To link with the KIE experiments, H-D isotope exchange effects were calculated and the dehydrogenation free energy profiles for CH3CD2OH and CH3CH2OD on the NiAu(111) SAA surface are given in the SI (Fig. 6 and Fig. 7, respectively). Both isotope exchange result in an increase of the energetic span, in line with the observed decreased rate. For the C-H/C-D exchange, the reaction free energy of the C-H bond cleavage first step is increased (less favorable) mainly from the smaller zero-point energy of the C-D bond, while the activation barrier of the O-H bond is unchanged. For the O-H/OD exchange, the O-D activation energy is increased. Hence the calculations suggest that the decreased rates from isotopic exchange stem from different reason, and do not necessary imply that both C-H and O-H activations have a large degree of rate control. In the calculated blue profile, only O-H activation has a large degree of rate control, but isotope exchange at the C-H bond also shows a KIE effect. The energy difference between C-H and O-H cleavage transition states on the blue profile (0.1 eV) is however too small (considering approximations in the calculation) to definitively exclude that C-H bond cleavage has a degree of rate control in the dehydrogenation reaction.
Our DFT simulation of the EDH reaction on Au(111) (Fig. S10) shows that the first dehydrogenation step (TS1) is the rate determining step and the blue reaction pathway still has a lower overall barrier (1.84 eV) than the red reaction pathway (2.05 eV), which means that the reaction is very slow, as opposed to NiAu(111) SAA, and the optimal reaction pathway occurs via α C-H dissociation followed by O-H dissociation on Au. The DFT calculations also demonstrate that the reaction barriers for EDH are much higher on pure Au (Fig. S11) than on NiAu SAA (enthalpic barrier of 0.94 eV for Au vs. 0.73 eV for NiAu), in qualitative agreement with experimental enthalpy barriers (0.96 eV vs 0.59 eV).16 Most importantly, the NiAu SAA does not over bind ethanol, as is the case for pure Ni, and therefore regardless of whether the O-H or C-H bond is broken first, the reaction mechanisms on the SAA are selective to the preferred acetaldehyde and hydrogen products.
 Selective poisoning supports the Ni atom active site model – single crystal and reactor studies
Our combined spectroscopic, kinetic, and theoretical investigations have shed light on the preferred EDH reaction pathways on both Au and NiAu SAAs. We also demonstrated with DFT (Fig. 3A) that both kinetically relevant reaction steps (C-H and O-H cleavage) take place over the Ni atom, pointing at isolated Ni atom sites in Au being the active site of the catalyst. Related to this, it is noteworthy that active site identification on the same SAA catalyst in oxidative coupling reactions show [Au-Ox]- species as the active site.52 Therefore, to further solidify our hypothesis that individual, isolated Ni atoms are the active sites for the non-oxidative EDH reaction, reactor tests with a poison that selectively blocks only the Ni sites were employed. Specifically, CO is known to bind strongly to group 10 metals but not to coinage metals. DFT calculations by Darby et al. put the CO desorption temperature from the NiAu (111) SAA surface at 340 K.53 In contrast, DFT and experimental measurements indicate that CO desorbs from Au(111) below 100 K.54 CO TPD from single crystal NiAu(111) surfaces of various Ni coverages were studied under UHV (Fig. 3C). Desorption of CO from low concentrations of Ni was observed at 325 K, in close agreement with the theoretical calculations. For Ni coverages >0.2 ML a secondary desorption feature at lower temperature is observed in the CO TPD spectra (highlighted in red in Fig. 3C), consistent with the formation of Ni aggregate/Au interfaces.34 Comparing the desorption temperature of CO and ethanol (Fig. 1B), it is clear that desorption of CO takes place at considerably higher temperatures than ethanol (325 vs 190 K), indicating that CO should outcompete ethanol for binding to the Ni atom sites.55,56 Guided by these surface science and theoretical results, ambient pressure reactor tests were performed on supported NiAu SAAs where the Ni site was poisoned with CO (Fig 3D). First, ethanol was introduced into the reactor and the ethanol consumption rate measured, followed by co-flowing carbon monoxide and ethanol through the reactor. A considerable drop (~70%) in the catalytic activity was noticed in the presence of CO, due to the CO binding to Ni more strongly than ethanol essentially poisoning Ni sites, as was predicted from the surface science results. As a result, the only active sites available to ethanol are Au sites. Importantly, the ~4-fold lower ethanol consumption rate on CO-poisoned NiAu SAAs matches the ethanol consumption rate on pure Au NPs at those conditions (Fig. 2D). This provides definitive evidence that the isolated Ni atom sites are involved in the active site for the EDH reaction. Furthermore, once the flow of CO is halted, the NiAu SAA catalyst activity returns to previously measured levels, consistent with the reversible adsorption/desorption of CO observed in the single crystal measurements.
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Figure 3. A) Free energy diagram of ethanol dehydrogenation on the NiAu(111) SAA surface. The conditions used for the construction are: P(H2) = 0.0003bar, P(C2H5OH) = 0.02 bar, P(CH3CHO) = 0.0003bar, and T = 423.15K. B) Adsorption configurations, visualized using VESTA.57 C) Temperature Programmed Desorption profile for CO desorption from NiAu(111) at various Ni coverages (0.01 ML to 0.61 ML). D) Ethanol dehydrogenation tests at 473 Κ under i) 2kPa ethanol, ii) 2kPa ethanol & 2kPa CO and iii) 2kPa ethanol balanced in He.
To further support the claims about the effect of CO on reactivity, DFT simulations in which a CO molecule was bound to the Ni atom were performed and the reaction pathway computed (Fig. S12). Expectedly, the energetics of the pathway match that of the bare Au(111) surface (Fig. S10), and only the Au atoms neighboring the Ni atom exhibit very small shift in their d-band center (Fig. S13). It should be noted however that according to our DFT results, the ethanol molecule binds more favorably to the next available Au atom, possibly due to steric repulsion from the CO molecule (Fig. S12). The above theoretical results, when coupled with the reactor tests that were guided by the single crystal experiments, constitute solid evidence that the individual, isolated Ni atoms are the active sites for the EDH reaction.
[bookmark: _Hlk65018559]Operando interrogation of dopant metal atoms - HERFD XANES
Having identified Ni atoms as the active sites responsible for the remarkable EDH performance of NiAu SAA catalysts, we probed the electronic structure of Ni atom active sites under reaction conditions and their interaction with the reactant, ethanol. Specifically, HERFD XANES has the potential to provide more detailed information than conventional XANES58,59 and has been recently reported to be useful for understanding heterogeneous catalysts in terms of quantifying charge redistribution effects in ionic liquid-coated single-atoms of Ir, and a correlation to the reactivity of those catalysts for butadiene hydrogenation was developed.60 Herein, HERFD XANES spectra were collected on fresh and reduced supported nanoparticle catalysts as well as those under ethanol flow at between RT and 150℃ and at 200℃. The fresh catalyst HERFD XANES spectrum exhibits characteristic features of a Ni2+ state, including the signature pre-edge feature at 8,332.0 eV, which is the formally dipole-forbidden 1s → 3d transition that gains intensity from being quadrupole-allowed, as well as due to hybridization with O p-states.61 After catalyst reduction to a metallic state under H2 at 400℃ and purging under He, this pre-edge feature disappeared, and a shift in edge position and the drop of the white line intensity are consistent with the Ni atoms being reduced (blue line in Fig. 4). Notably, when the NiAu SAA sample is in its metallic reduced state the charge on the Ni atoms is not zero but rather slightly positive, as demonstrated by comparing to the HERFD XANES spectrum of small, reduced Ni NPs (black line in Fig. 4). This result is in agreement with our DFT Bader charge analysis that yielded a charge equal to +0.33 on the Ni atom (Table S4). This result is of particular significance since the traditional view of metals and alloys would suggest that metal atoms in a metallic alloy should not carry a charge. However, the positive charging on the Ni atoms is consistent with the difference in electronegativity between Ni (1.91) and Au (2.54). Related to this, previous normal XANES analyses of other Ni-based (NiCu, NiIr) SAAs concluded that Ni atoms in those cases were present in the metallic state.19,62 While it is possible that no shift in edge position or drop of the white line intensity occurs in NiCu or NiIr SAAs and that Ni atoms exist in a neutral state in these cases due to the lower electronegativity of Cu (1.90), it is more probable that such shifts were not visible with conventional XANES. On the contrary, our HERFD XANES data taken on the reduced catalyst suggests that Ni atoms in NiAu SAAs carry a positive charge arising from charge transfer with the Au metal host, in agreement with our DFT results. 
By way of context, XPS is the traditional method for determining the electronic charge of the sites of a catalytic surface by correlating binding energy shifts to electron transfer between the different elements of an alloy. For example, Rodriguez and Goodman followed charge redistribution in various metals in single-crystal studies via XPS and determined the direction of the electron density flow in a metal-metal bond.63 Similarly, investigations by Geitner et al. employed synchrotron XPS and XANES to study unsupported CuAg SAAs and reported that Cu atoms isolated in Ag had a local negative charge.6 However, the XPS approach becomes impossible for supported dilute alloy catalysts in which the dopant concentration is <1% as XPS is not a trace element technique (~100ppm in the case of NiAu/SiO2 SAA), a concentration regime at which HERFD XANES can still operate reliably.  Similar evidence of the electronic structure modulation of Ni by the presence of another metal, has been demonstrated by DeBeer and co-workers in Ni3Co1 alloys, as evidenced via HERFD XANES analysis, as well as by the Bao group on Ni1Pt4 alloys based on conventional XANES measurements, however in both cases considerably higher concentrations of Ni were present in the samples.64,65
While little experimental data exists for charge transfer in SAAs, the electronic structure of Ni atoms in NiAu SAAs has been examined theoretically.66 Specifically, the d-states of Ni atoms in a Au(111) host was computed by Thirumalai and Kitchin and their results revealed a very narrow electronic state near the Fermi level indicative of a lack of hybridization of the Ni d-states with the host Au. In fact, these computed Ni atom d-states resembled those of a free Ni atom in a vacuum, the so-called “free atom like state”.6 In Kitchin’s work, it was demonstrated that these free-atom-like states are rather common in SAAs and most prominent for Ag- and Au-based SAAs compared to Cu-based ones. These free atom like states have been experimentally demonstrated for CuAg SAAs.6 Specifically, Greiner et al. used in situ XPS studies of CuAg SAAs to demonstrate that the lack of hybridization of Ag and Cu leads to a pronounced free atom like state at the Cu atom and they related this to the system’s ability to perform methanol steam reforming reaction with a lower barrier. Our DFT calculations (Fig. S14) show that the d-states of the Ni atom in Au are indeed unperturbed by the Au coordinating atoms both in the presence and in the absence of the reactant, demonstrating a free atom like d state.
In terms of chemical reactivity, one would intuitively expect that the local positive charge of Ni atom should interact with the electron dense lone pair of the oxygen atom of ethanol.67 Indeed, upon introduction of ethanol into the reactor, the Ni absorption edge shifts slightly to higher energy (green line in Fig. 4) indicative of slight positive charging of the Ni upon ethanol adsorption. Our own DFT calculations which show that ethanol (denoted as C2H5OH(ads) in Fig. 3a) binds to the Ni atom through the oxygen atom is consistent with this picture. Furthermore, Bader charge analysis on the Ni atom binding the ethanol molecule via the O atom shows a local charge of +0.44 on the Ni atom (Table S4), increased compared to the bare surface (+0.33), in agreement with the HERFD XANES spectrum. These HERFD XANES features indicate the charged Ni site are persistent at temperatures up to 150℃. At temperatures above 150℃ ethanol conversion to acetaldehyde and hydrogen begins, and by 200℃ (grey line in Fig. 4) the Ni edge has shifted almost entirely to its position prior to reaction (blue line in Fig. 4). The result denotes a reduced coordination of ethanol to the Ni atom, as expected based on the lower surface coverage of ethanol on the surface at these elevated temperatures. Overall, these results indicate that a redox process is taking place on the Ni atom; ethanol partially oxidizes it, while at higher temperatures the Ni atoms return to a more reduced state. This behavior provides further evidence for Ni atoms as the active sites which adsorb and selectively convert ethanol to acetaldehyde and hydrogen. 
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Figure 4. HERFD XANES spectra of reduced Ni/SiO2 (black), as-prepared NiAu/SiO2 (red), reduced NiAu/SiO2 (blue), NiAu/SiO2 under ethanol from RT to 150℃ (green), and NiAu/SiO2 under ethanol at 200℃ (grey). 
Taken together, the combined theoretical, single-crystal, and nanoparticles studies were critical in obtaining a deep understanding of the NiAu SAA system and showcasing how it can be used for the design of new catalysts. The single-crystal and theoretical studies are in full agreement with previous NiAu/SiO2 SAA CO IR data16 in terms of  the importance of maintaining very high levels of dilution, such that the Ni atoms are always isolated from one another in the host matrix. This result demonstrates how ethanol can be used as a probe molecule for the characterization of active site ensemble sizes in bimetallic catalytic surfaces. Alloy particles with high dispersion of the reactive metal atoms should only yield acetaldehyde and hydrogen under EDH reaction conditions. On the contrary, evidence of undesirable product formation from the decomposition pathway indicates formation of reactive metal aggregates in the surface of the inert host. Similar experimental and theoretical reports for NiCu and PdAu dilute alloys bolster this argument.23,68,69 Therefore, the EDH reaction has the potential to serve as a probe reaction for the surface characterization of dilute alloys and complement other characterization techniques as is the case for ethylene hydrogenation which has been shown to be a probe of the metallic surface area of Pt-based catalysts.70
Furthermore, the three-pronged approach was shown to be capable of outlining the reaction mechanism and identifying the active sites for the reaction. This is especially highlighted by the KIE studies, supported by DFT calculations, as well as the active site identification by controlled poisoning of the Ni sites. These examples underline the powerful complementary nature of single atom alloys, which allows for their accurate modelling towards understanding their properties and designing new catalysts based on theoretical insights.71 Furthermore, SAA catalysts can be promising candidates for facilitating industrially the non-oxidative ethanol dehydrogenation process, as they combine high reactivity, while maintaining the host-like selectivity (~100%) and stability over a broad range of operating conditions without the addition of toxic oxides (Table S5).
Last, interrogating of the electronic structure of SAAs via high resolution spectroscopic tools can help shed light not only on the redox nature of the reaction mechanism of a given reaction but also pave the way for the rational design of optimal catalysts. This approach of using partial charges to inform on reaction mechanisms has been used very successfully for many years in organic chemistry.72 Related to heterogeneous catalysis, Upham et al. showed theoretically that the less negative charge on Ni atoms dispersed in molten metals (Bi, Pb, Sn), the higher its reactivity for direct conversion of methane to hydrogen.73 Similar relationships can potentially be established for more systems and bond activation steps, leading to a toolbox that can help guide the choice of the most promising catalysts for selective transformations. Coupling this information on the electronic structure of the dopant atoms with extensive screening of promising SAAs for the activation of important small molecules, as demonstrated by Darby et al. would considerably advance this understanding.5,74 We showcase here that HERFD XANES is a valuable tool for these ultra-dilute alloy systems that are challenging to investigate with conventional XANES and XPS experiments.

CONCLUSIONS 
Herein we have used a multipronged surface science, theory, and practical catalysis approach to characterize the geometric and electronic structure of the active sites of a working NiAu SAA nanoparticle catalyst as well as the reaction mechanism. Specifically, site isolated Ni atoms in Au nanoparticles are shown to be active and 100% selective for the low temperature conversion of ethanol to acetaldehyde and hydrogen. We demonstrate via isotopic experiments on a working catalyst that both O-H and C-H cleavage steps impact the reaction rate and elucidate the reaction pathway with theory, validated by a clear agreement on the effective enthalpy barrier between experiment and theory. Our calculations indicate that the preferred pathway on the NiAu(111) SAA surface starts by the C-H bond cleavage, the second O-H bond scission step being rate controlling. The effective free energy barrier is the sum of the reaction energy of the fist C-H step and the activation barrier of the second O-H step, so that C-H/C-D exchange also decreases the reaction rate even if its transition state does not have a strong degree of rate control. Our calculations hence imply that measuring a KIE effect on two consecutive reaction steps does not imply that both transition states have a large degree of rate control. Guided by our surface science experiments we use preferential adsorption of CO at the Ni atom active sites to show that the NiAu SAA catalyst reactivity is decreased to the same level as pure Au when CO is present in the reactant flow, thus demonstrating that the Ni atoms are the active sites. Furthermore, we use HERFD XANES to follow the charge state of the dilute Ni atoms under reaction conditions and demonstrate that, in agreement with theory, Ni atoms cycle their charge state during reaction in a manner akin to homogeneous catalysts. Given that acetaldehyde is produced industrially via an inefficient oxidative process in which water must be separated from acetaldehyde, supported SAA NiAu nanoparticle catalysts offer great promise for the production of pure acetaldehyde and the value-added byproduct hydrogen.   
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