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Stabilization of a Nanoporous NiCu Dilute Alloy Catalyst for Non-
oxidative Ethanol Dehydrogenation
Nare Janvelyana, Matthijs A. van Spronsena,b, Cheng Hao Wub, Zhen Qic, Matthew M. Montemored,†, 
Junjun Shane,‡, Dmitri N. Zakharovf, Fang Xua, J. Anibal Boscoboinikf, Miquel B. Salmeronb,g, Eric A. 
Stachf, §, Maria Flyztani-Stephanopoulose, Juergen Bienerc,*, and Cynthia M. Frienda,d

Producing acetaldehyde, an important industrial chemical, by direct catalytic non-oxidative dehydrogenation of ethanol 
presents many advantages over current production methods, including generating hydrogen. However, a stable, active, and 
selective catalyst is currently unavailable. This work demonstrates that the high activity and selectivity of nanoporous (np) 
NiCu for this reaction can be stabilized by keeping the catalyst in a metastable (“kinetically trapped”) state. Using a 
combination of in situ ambient-pressure and ex situ X-ray photoelectron spectroscopy, environmental transmission electron 
microscopy, and density functional theory calculations enabled correlating changes in surface composition with the changes 
in activity and stability upon treatment of np NiCu with H2 and O2. Reduction of Ni-doped nanoporous Cu by H2 exposure 
enhanced the initial activity but led to complete catalyst deactivation within ~40 hours. Contrasting, O2 pretreatment of the 
same catalyst increased both activity and long-term stability, with only 15% activity loss over 40 hours.  The stability of np 
NiCu as a catalyst inversely correlates with the amount of metallic Ni at the surface, which is enriched by the H2 
pretreatment, while the O2 pretreatment leads to a kinetically trapped Ni2+ subsurface state. This work emphasizes that 
detailed understanding of pretreatment-induced nanoscale structural and compositional changes is necessary to optimize 
catalyst performance.

1. Introduction
Improvements in the energy efficiency of chemical production is 
urgently needed to meet global energy challenges. Heterogeneous 
catalysis using nanomaterials has the potential for substantially 
increasing efficiency through enhancement of reaction selectivity 
and decreasing the operating temperature for high-volume 
processes. Nanomaterials may also enable new catalytic processes 
that improve efficiency by eliminating the need for separation of 
byproducts, such as water. 

The production of acetaldehyde is a good example demonstrating 
the need to improve the energy efficiency of chemical 
transformations. Acetaldehyde is a starting material for several 
industrial chemicals, including acetic acid, acetate esters, 
pentaerythritol, pyridine, and pyridine-based compounds.1, 2 In 2015, 
(1–2)×105 tons of acetaldehyde were produced in the USA.3 A major 
pathway for industrial production of acetaldehyde is the oxidative 
dehydrogenation of ethanol catalyzed by silver,1, 2 which requires 
high temperature (500–650 °C) and separation of the byproduct, 
water. A potential alternative is non-oxidative ethanol 
dehydrogenation catalyzed by Cu-based materials, which generates 
H2, a clean fuel, as a byproduct instead of water.4-17 Unfortunately, 
the use of Cu for non-oxidative acetaldehyde production is not yet 
practical because of low conversion6 and catalyst deactivation by 
sintering8, 12, 14 or carbon deposition.9 

Nanoscale copper alloys catalysts have been studied for improving 
stability, yet they have not been adopted: CuCr alloys are not used 
for environmental reasons,5 Cu alloyed with alkali metals showed 
negligible improvement in stability,6 and CuAg was not selective for 
acetaldehyde18 or did not (significantly) improve the activity.8, 15 
However, NiCu (<3 at.% Ni) nanomaterials have recently been shown 
to be active and selective for non-oxidative ethanol dehydrogenation 
to acetaldehyde and hydrogen. The Ni dopant lowers the apparent 
activation energy, and nearly 100% selectivity is retained as long as 
Ni is atomically dispersed.19-21 Catalysts composed of Ni and Cu are 
of wide importance because of their use in many catalytic and 
electrocatalytic applications (including CO2 reduction). They are also 
earth-abundant and relatively inexpensive. 

The function and stability of nanoscale alloy catalysts, such as NiCu, 
rely on the structure and composition of their surface. Hence, 
understanding and controlling the evolution of the catalyst surface 
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structure and composition during activation, catalytic cycle, and 
deactivation has been defined as a research priority in catalysis.22 For 
example, gas-phase induced surface segregation has been used to 
tune the surface composition and catalytic activity of various 
nanomaterials.23-27 While the importance of pretreatments on the 
formation of active sites is well established, the physical, 
mechanistic, and kinetic details of these dynamic materials largely 
remain as open questions.

Using in situ and ex situ X-ray photoelectron spectroscopy and 
various electron-microscopy techniques, this work demonstrates 
that the catalytic activity and stability of a nanoporous (np) NiCu 
alloy catalyst can be improved by generating a kinetically trapped 
Ni2+ subsurface state through an O2 pretreatment. Exposure of the 
oxidized surface to ethanol at reaction temperature reduces the CuO 
surface while most of the Ni remains oxidized and embedded in the 
Cu. In this state, Ni doping provides stable (over 60 hours) and 
improved activity for catalytic dehydrogenation of ethanol to 
acetaldehyde and hydrogen. While the O2 pretreatment buries Ni 
oxide under a Cu oxide overlayer, a H2 treatment causes the 
formation of Ni-rich nanoparticles on the surface. This H2-treated 
np NiCu catalyst completely deactivates within ~40 hours on stream, 
possibly related to the deposition of carbon on the catalyst surface.

2. Methods
2.1 Catalyst Preparation 
Unsupported nanoporous Cu (np Cu) and Ni-doped np Cu (np NiCu) 
samples were prepared by dealloying and wet-impregnation 
techniques. Using unsupported np Cu and np NiCu allows us to 
evaluate the activity and stability of these catalysts without 
interference from support materials. Np Cu with a porosity of ~80% 
(not accounting for potential sample shrinkage) was prepared by 
selective etching of Zn from Zn80Cu20 alloy ingots (12 mm × 3 mm × 1 
mm) in 5 M hydrochloric acid (50 mL). The samples were dealloyed at 
room temperature for 4 days and then dealloyed for one more day 
with fresh etch solution. The nanoporous structure of the material 
spontaneously develops during selective etching of the Zn. After 
dealloying, the samples were rinsed with deionized water at least 
three times and dried in a desiccator under vacuum at room 
temperature for 3 days. The resulting np Cu contains about 5 at.% 
residual Zn, as determined by inductively coupled plasma mass 
spectrometry (ICP-MS) and energy-dispersive X-ray spectroscopy 
(EDS). 

Ni doping was achieved by submerging np Cu samples in 2 mL of a 
0.3 M nickel (II) nitrate solution. The glass vial with the sample was 
then placed in a desiccator for 2 h at room temperature to ensure 
full penetration of the pores with the Ni nitrate solution. To preserve 
the uniformity of the Ni distribution through the drying process, the 
Ni-solution-infilled np Cu sample was then immersed in liquid 
nitrogen for 1 minute and then placed in a freeze-drying system at 
0.01 Torr and –106 °C (Labconco, FreeZone 4.51 Benchtop Freeze Dry 
System) for 2 days. Finally, to reduce the Ni salt residue and to 
warrant uniform Ni-Cu alloy formation, the Ni impregnated np Cu 
samples were annealed for 1h at 500 °C in 4% H2 in Ar at 760 Torr. 
The annealing time (1h) and temperature (500 °C) were chosen 
based on the reported interdiffusion constants28 for the Ni-Cu system 
so that the diffusion length (700 nm) is larger than the ligament size 
(~300 nm) while minimizing ligament coarsening. This 
reduction/alloying step is considered part of the synthesis procedure 
and is not considered a “pretreatment” as discussed in the main text. 

Based on the concentration of the Ni salt solution (0.3 M) and the 
porosity of the np Cu samples (80 %), this procedure is expected to 
result in a Ni-doping level of ~1 at.% (if only the Ni from the Ni nitrate 
solution within the pores is deposited on the np Cu sample).

The average volumetric Ni concentration of 1 at.% was verified in 
previous work by ICP-MS.19, 21 In this work, X-ray 
photoelectronspectroscopy (XPS) performed on crushed samples 
reveals an average Ni concentration of ~3 at.% Ni near the ligament 
surface (Table S1) while a Ni concentration of ~6 at.% was found at 
the outer surface of the bulk np-NiCu samples,  which can be 
attributed to some excess Ni solution at the sample surface. The np 
Cu and np NiCu bulk samples were used as prepared for AP-XPS 
studies. For all other techniques, samples were crushed into a 
powder.

2.2 Catalytic Activity
Catalytic performance was measured in a quartz tube reactor housed 
in a temperature-controlled furnace operated at atmospheric 
pressure. Ultrahigh-purity (99.99%) gases were supplied to the 
reactor by mass-flow controllers. Hydrogen treatment was 
performed by flowing a mixture of 10% H2 in He at 20 mL minute−1 at 
room temperature, followed by ramping the temperature to 350 °C 
at 10 °C minute−1 and holding it at 350 °C for 1 h. Oxygen treatments 
were performed at 250 °C using 20% O2 in He at a flow rate of 50 mL 
minute−1 for 1 h. The ethanol dehydrogenation reaction was 
performed using 6% ethanol (Sigma Aldrich, 99.5%) in He with a ≥
50 mL minute−1 total flow rate at 250 °C by flowing a He stream 
through a bubbler filled with ethanol at room temperature. The 
effluent gas was monitored by an online gas chromatography-mass 
spectrometry (GC-MS) instrument (Agilent 5975C and Agilent 7890A) 
equipped with HP-PLOT Q and CARBONPLOT columns. The effluent 
gas was also monitored by an online residual-gas analyzer (Hiden HAL 
3F RGA). Np (Ni)Cu samples (~30 mg) were crushed prior to catalytic 
testing, although no difference was observed when intact np (Ni)Cu 
samples were used, demonstrating the absence of mass transport 
limitations.

2.3 Ex situ XPS, SEM, and STEM
Ex situ XPS was performed using a Thermo Scientific K-Alpha XPS 
setup with a monochromatic Al Kα source. XPS samples of crushed 
np (Ni)Cu samples were prepared by loading the catalyst particles 
onto carbon tape and analyzed after each specified treatment. 
Scanning electron microscopy (SEM) was performed using a Zeiss 
Supra55VP field-emission SEM equipped with an EDS detector. 
Scanning transmission electron microscopy (STEM) and EDS mapping 
were performed using an aberration-corrected JEOL ARM 200F STEM 
as well as a FEI Talos F200X. To prepare STEM samples, powder 
samples were dispersed in deionized water and drop cast onto lacey 
C/Au mesh grids (Ted Pella, Inc).

2.4 Environmental Transmission Electron Microscopy
Environmental transmission electron microscopy (E-TEM) studies 
were conducted using a FEI Titan aberration-corrected transmission 
electron microscope operating at 300 kV with electron energy-loss 
spectrometry (EELS) capabilities. Because of the overlap of the Cu 
and Zn L2,3 edges, EELS could not be used to detect Zn, the minority 
species. The instrument had a base pressure of (3.5 ±0.5) × 10−7 Torr. 
Samples in powder form were dispersed in deionized water and drop 
cast onto a sample holder (DENS Solutions). After drying, the holder 
was inserted in the microscope. Gases and vapors were introduced 
into the microscope using a gas-handling manifold equipped with 
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dosing valves with the beam blocked. The sample was then heated 
to the specified temperatures and held for the treatment duration. 
After cooling, the gases were evacuated to reach vacuum for imaging 
and EELS analysis. 

2.5 Ambient-Pressure X-ray photoelectron spectroscopy
AP-XPS experiments were conducted at beamline 23-ID-2 at the 
National Synchrotron Light Source II at Brookhaven National 
Laboratory. Because the freeze-drying synthesis step resulted in 
slightly inhomogeneous Ni concentrations across the np NiCu 

samples, both surface and cross-section of the samples were studied 
(Figure S3a), resulting in qualitatively similar behavior; thus, only the 
outer surface is discussed in the main text for simplicity. 
Quantification of the composition of the surface and cross-section 
are provided in the supplementary information (SI, Table S1). 
Quantification of Ni oxidation states are also provided in the SI (SI, 
Table S2).

As-prepared np (Ni)Cu samples were used to investigate in situ H2 
treatment (350 °C, 1 Torr, 1 h) by AP-XPS. For the catalytic AP-XPS 
studies, a np NiCu sample H2-pretreated in the flow reactor (350 °C, 
10% H2/He at 760 Torr, 1 h) was used to study the effect of the 
following sequence of treatments: exposure to ethanol (250 °C, 0.2 
Torr, 6 h), O2 (250 °C, 1 Torr, 1 h), and ethanol again (250 °C, 0.2 Torr, 
1 h). Samples were analyzed in ultra-high vacuum at room 
temperature after specified exposures unless otherwise noted. The 
beam was blocked during gas exposure and between spectra 
collection to minimize beam-induced artefacts. 

To ensure that the same depth was probed for each element, the X-
ray energy was varied such that the kinetic energy of all 
photoelectrons was around 200 eV. Every time the photon energy 
was changed, the spectrum was calibrated to the Fermi edge. 
Spectral analysis details are provided in the SI (Figure S3b). The 
inelastic mean free paths for the photoelectrons for the np NiCu 
material were approximated by using the values for pure Cu, the 
majority component.29

Near-edge X-ray absorption fine structure spectra were acquired 
using the hemispherical analyzer in partial electron yield mode. For 
the Cu and Ni L-edge spectra, the kinetic energies of the measured 
photoelectrons were selected to be 320 eV and 240 eV, respectively, 
similar to that of the AP-XPS and such that no XPS or Auger peaks 
appear within the scanned energy range, which would otherwise 
produce false NEXAFS peaks. 

2.6 Density Functional Theory
Density-functional theory (DFT) calculations were performed with 
the VASP code,30, 31 the PBE exchange-correlation functional,32 and 
the projector-augmented wave method.33, 34 The Tkatchenko-
Scheffler method was used for dispersion corrections.35 A 400-eV 
planewave cutoff was used in all cases. A Cu(110) surface was used 
to model the reduced catalyst surface and the CuO(111) surface was 
used to model the oxidized surface. For the Cu(110) surface, a (3×2) 
surface cell was used to model the surface, and the Brillouin zone 
was sampled with a 7×7×1 k-point mesh. For the CuO(111) surface, a 
(2×2) surface cell was used, with a 4×4×1 k-point mesh. U values 
were taken from previous work (4 eV for Cu and 6 eV for Ni),36 as was 
the antiferromagnetic structure.37 Spin polarization was employed in 
all calculations. 

To explore the effect of adsorbed oxygen and hydrogen on the Ni 
distribution, Ni atoms were placed in the first to third layers of the 

Cu(110) surface with hydrogen and oxygen coverages ranging from 0 
to 1 monolayer (ML), and the furthest extreme of a full copper oxide, 
CuO(111) surface. We also modeled a Ni monolayer, in place of Ni 
atoms, placed in the first to third layers of Cu(110) surface with 
varying oxygen coverage and the CuO(111) surface. Relative surface 
energies were calculated by subtracting the total energy of the 
structure with Ni in the fourth layer from the total energy of each 
structure (Table S4). Because the number of each atom type is 
preserved, this corresponds to a difference in the surface energies. 
Surface energies of Ni in the third layer were roughly the same as the 
fourth layer and thus are not included.
 

3. Results
3.1 Catalytic Activity
The as-prepared nanoporous dilute Ni-Cu alloy (np NiCu) has an 
interconnected ligament-and-pore structure with a ligament 
diameter of 305±85 nm (SI, Figure S1). As previously demonstrated, 
residual Zn from the CuZn starting alloy does not affect the activity 
of np Cu and np NiCu.19, 38 Although some activity of Zn in oxidized 
form or its interface with Cu cannot be excluded.10, 16

Catalytic tests of np Cu and np NiCu catalysts for non-oxidative 
ethanol dehydrogenation towards acetaldehyde and H2 reveal that 
(1) Ni doping increases the activity and (2) the stability of Ni as a 
promotor strongly depends on the catalyst pretreatment (Figure 1). 
Conversely, the catalytic activity of np Cu is essentially the same for 
both H2 (350 °C) and O2 (250 °C) pretreatments with stable, non-
oxidative ethanol-to-acetaldehyde conversion with 100% selectivity 
for 60 h (Figure 1a and S2a), except for the first 10 h. In this transient 
regime, the O2 pretreated np Cu (O2-np Cu) shows a markedly 
increased activity (red, Figure 1a), which can be attributed to the 
reaction of ethanol with Cu oxides, as reported in the literature4, 39, 

40 and observed by XPS and E-TEM in the sections to follow. 

Pretreatment of np NiCu with O2 (O2-np NiCu) yields a catalyst that is 
more active than either H2-pretreated np NiCu (H2-np NiCu) or np Cu 
itself (Figure 1). Whereas H2-np NiCu rapidly and completely 
deactivates in reaction conditions, the O2 pretreatment stabilizes the 
catalyst for acetaldehyde production (red, Figure 1b). Like O2-np Cu, 
O2-np NiCu shows enhanced activity in the initial transient regime 
(<10 h). The transient regime is followed by relatively stable 
operation with only a modest activity loss of 15% between 10 and 40 
h, after which point the activity is still 40% higher than that of the 
corresponding undoped np Cu catalyst (red, Figure 1a). Even after 60 
h on stream, O2-np NiCu is still 38% more active than np Cu (Figure 
S2b). By contrast, H2-np NiCu completely deactivates after 40 h on 
stream. Coarsening does not seem to contribute to the deactivation 
of H2-np NiCu or the modest 15% activity loss of O2-np NiCu as the 
ligament/nanopore feature size remains very similar for both H2 
(Figure S1a,b) and O2 (Figure S1c,e) pretreated samples before and 
after being 45/40 h on stream. It is also important to note that while 
previous work19  showed that H2-np NiCu remains stable under lower 
conversion rate conditions using lower reactant flow rates, 7.5 
ml/min  instead of  50 ml/min in this work, the O2 pretreatment is 
critical in stabilizing the high activity of np NiCu at higher conversion 
rates. Both H2- and O2-treated np NiCu catalysts maintain 99% 
selectivity to acetaldehyde during the time on stream with by-
products being CO and CH4. 

Hydrogen treatment promptly deactivates the active, O2-np NiCu 

catalyst (red, Figure 1b). With subsequent time on stream, the 
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catalyst loses 95% of its initial activity, like H2-np NiCu, 
demonstrating the detrimental effect of the H2 treatment on the Ni-
doped catalyst. Interestingly, the H2 treatment initially and 
transiently increases the activity, which may be attributed to 
cleaning of the surface by hydrogen.41

3.2 X-ray Photoelectron Spectroscopy and Scanning Electron 
Microscopy
While neither the H2 nor the O2 pretreatment changes the 
morphology of the np NiCu pore-ligament network, they strongly 
affect the ligament surface composition and oxidation state of Ni and 
Cu. To follow these changes, in situ studies were conducted using 
ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) and 
near-edge X-ray absorption fine structure (NEXAFS) analysis (for 
details see Section S1 and Figure S3 regarding sample loading and 
section S2 for spectral analysis). As noted above, the residual Zn 
(Figure S4) from the CuZn starting alloy has previously been shown 
to  not affect the activity of np Cu and np NiCu.19, 38

After in situ H2 treatment (350 °C, 1 Torr, 1 h), both Cu and Ni are 
completely reduced based on XPS (Figure 2a, i–iii) and NEXAFS 
analysis (Figure S5a), and SEM reveals a smooth ligament surface 
(Figure 2a, v). AP-XPS performed with a higher inelastic mean free 
path (IMFP) of 1.2–1.3 nm proves that the in situ H2 treatment also 
fully reduced Cu and Ni in subsurface layers (Figure S6). The H2 
treatment drives Ni to the surface increasing the Ni/Cu surface ratio 
from 0.07 (5.6 at.%) Ni (considering Ni, Cu, and Zn) for the as 
prepared sample to 0.16 (11.3 at.%) Ni after H2 treatment (Figure 2a, 
iii and Table S1). This behavior is consistent with previous studies that 
demonstrate that Ni migrates to the surface driven by the formation 
of strong Ni−H bonds.42-45 Note that Ni surface enrichment does not 
require operation of Ni bulk diffusion but can be explained by lower 
activation barrier surface diffusion and place exchange processes. 
The AP-XPS data also prove that both metals fully reduce in the flow 
reactor where the H2 partial pressure is much higher (76 Torr vs. 1 
Torr). The large metallic component in the ex situ Ni 2p XPS confirms 
that Ni remains mostly reduced even after intermittent exposure to 
air (Figure 2a, iv).

Exposure of np NiCu to O2 (250 °C, 1 Torr, 1 h) leads to the formation 
of a Cu2+ oxide (CuO) surface layer that buries the Ni (Figure 2b, i−iii). 
With an IMFP of 0.6 nm, Ni is below the detection limit of XPS 
(<2 at.%) (Figure 2b, iii). A small amount of Ni2+ is detected by ex situ 
XPS (Figure 2b, iv), because of the higher IMFP of 1.2 nm, indicating 
Ni is still present below the thin CuO surface layer and that the O2 
treatment oxidized Ni during the overgrowth with CuO. The 
formation of the Cu oxide roughens the surface of the ligaments 
while maintaining the overall ligament structure (Figure 2b, v).

Ethanol exposure (0.2 Torr at 250 °C for 1 h) of O2-np NiCu reduces 
most of the copper oxide overlayer (Figure 2c, i), and Ni becomes 
detectable again (Figure 2c, ii). NEXAFS analysis revealed that 29% of 
the copper in the copper oxide overlayer becomes reduced to the 
Cu1+ state with the rest being Cu0 (Figure S5c). Based on the reported 
reduction kinetics of copper oxides,46 Cu is expected to completely 
reduce to Cu0 under reaction conditions, and the presence of  Ni 
should further facilitate the reduction of Cu oxide.47, 48 The reduction 
of the Cu oxide coincides with the transient enhancement in catalytic 
activity during the first few hours on stream (6 vol.% ethanol in He at 
1 atm; Figure 1b) indicating  the reaction of ethanol with Cu oxide 
surface species40. As the Cu oxide surface layer is reduced by ethanol 
exposure, the rough surface morphology formed during the O2 

pretreatment smoothens (Figure 2c, v), and continues to become 
smoother with increasing time on stream (Figure S7).

As most of the Cu surface oxide is reduced by ethanol exposure, 
oxidized Ni surface species become detectable again. After 1 h of 
ethanol exposure (0.2 Torr) of O2-np NiCu (Figure 2c, iii), the Ni 
surface concentration is ~5 at.% Ni (0.06 Ni/Cu ratio), less than half 
of what was detected on H2-np NiCu after 6 h of ethanol exposure 
(0.2 Torr) (Table S1). Least square fitting of the Ni 2p spectrum of O2-
np NiCu after 1 h of ethanol exposure (0.2 Torr) indicates a mixture 
of metallic Ni (19%), NiO (36%), and Ni(OH)2 (45%); thus nearly 80% 
of the near-surface Ni remains in the oxidized Ni2+ form (Table S2). 
Even after 6.5 h of ethanol exposure (0.2 Torr), over half the Ni still 
is in the 2+ oxidation state (Figure S8 and Table S2). After 40 h of 
ethanol exposure (6 vol.% ethanol in He at 1 atm), during which the 
catalyst remained active unlike its H2-treated counterpart, the ex situ 
Ni 2p spectrum reveals a large Ni2+ component that cannot be 
attributed to air exposure (Figure 2c, iv). Kinetic studies of Ni oxide 
reduction indeed confirm that Ni2+ does not fully reduce on this 
timescale at the low reaction temperature of 250 °C with ethanol or 
even with H2, thus keeping Ni2+ in a kinetically trapped state.49, 50 

Without the O2 pretreatment, ethanol-exposed (250 °C, 0.2 Torr, 6 h) 
np NiCu exhibits metallic Cu and Ni 2p XPS (not shown) and NEXAFS 
L-edge spectra (Figure S5b) like H2-np NiCu. Consistent with previous 
work,19 the Ni/Cu surface ratio of np NiCu stays constant during 
ethanol exposure (0.2 Torr), in this case at about 0.16 (Table S1). 
Even though the ethanol pressure under AP-XPS conditions is two 
orders of magnitude lower than in the catalytic studies (Figure 1), 
detection of H2 and acetaldehyde by mass spectroscopy confirms 
that the catalyst is active, and ethanol is being dehydrogenated 
(Figure S9a). 

XPS spectra also indicate the accumulation of carbon during ethanol 
reduction on np NiCu, hinting at a possible mechanism for the rapid 
deactivation of the H2 pretreated np NiCu sample (Figure 1b). C 1s 
spectra taken in ultra-high vacuum and room temperature before 
and after the AP-XPS ethanol exposure demonstrate a pronounced 
increase in carbon-to-metal signal after ethanol exposure (Figure 
S9b). The amount of carbon accumulating on the H2-np NiCu 
correlates with the Ni concentration, with more carbon (and Ni) on 
the surface of the monolithic np NiCu sample than on the cross 
section (Table S3). The accumulation of carbon must have occurred 
during reaction as carbon deposition by X-ray-beam-assisted 
fragmentation of ethanol can be ruled out as the spectra were 
recorded after evacuating the ethanol.

3.3 Transmission Electron Microscopy
The primary structural feature observed by E-TEM after in situ 
reduction in H2 (350 °C, 1 Torr, 1 h) and ethanol exposure (250 °C, 0.2 
Torr, 17 h), similar to the AP-XPS conditions, is the presence of 
nanoparticles at the ligament surface of the np NiCu catalyst (Figure 
3a). Electron energy-loss spectroscopy (EELS) scans (Figure 3c) reveal 
that the particles consist mostly of Ni embedded in metallic Cu 
(Figure 3c, i–iii).51 

After in situ oxidation (250 °C, 1 Torr, 1 h), nanoparticles are no 
longer observed at the surface (Figure 3b). Instead, a rough surface 
layer formed filling the previously observed trough, though the 
general shape of the ligament is preserved. EELS analysis reveals that 
the rough surface layer consists of copper oxide, identified by the 
peak at 933 eV (Figure 3c, iv). Metallic copper is still present in the 
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bulk of the ligament, suggested by the shape of the curve (Figure 3c, 
v), and Ni was no longer detected.

Ex situ scanning transmission electron microscopy (STEM) and 
energy-dispersive X-ray spectroscopy (EDS) mapping of active, O2-
np NiCu after 40 h of ethanol exposure shows that Ni-rich 
nanoparticles reemerged at the surface (Figure 3d). The surface 
particles appear gray in the STEM image, indicating a lower Z-
contrast oxidized nature of these particles, consistent with the AP-
XPS results. The EDS map shows that while Ni is concentrated within 
the particles (blue) it also is dispersed in the Cu bulk (orange). Closer 
inspection of the individual Cu and Ni elemental maps (Figure S10), 
reveals overlapping areas of Cu and Ni at the ligament edge 
confirming that Ni is also present in the form of a dilute NiCu alloy in 
addition to oxidized Ni-rich particles at the surface. Because of the 
decreased Ni content at the surface after oxidation (Table S1), the Ni-
rich particles likely partially reemerge at surface as the Cu oxide 
reduces and reverts to a smooth surface. 

Characterization of deactivated H2-np NiCu reveals that the 
nanoparticles remain present at the surface throughout ethanol 
exposure. These particles are dense and white in the STEM image 
indicating their metallic nature (Figure 3e). The EDS map shows a 
large concentration of Ni (blue) within the particles as well as 
dispersed Ni in the Cu (orange). Quantification of the EDS spectra 
reveal that the particles contain 20±10 at.% Ni, while the ligament 
contains 1 at.% Ni (Figure S11). The Ni content of the particles is in 
large excess to the bulk Ni-doping (~1 at.%) and the surface Ni 
content detected by AP-XPS after H2 and ethanol exposures (11 at.%) 
(Figure 2a, Table S1). Therefore, the surface Ni enrichment driven by 
H2 treatment is largely concentrated in the form of metallic, Ni-rich 
alloy particles at the surface. It is likely that the presence of these 
metallic, Ni-rich alloy particles is responsible for the accumulation of 
carbon observed during ethanol reduction on the H2-pretreated 
np NiCu sample (Figure S9b) and the concurrent rapid deactivation 
(Figure 1b). 

3.4 Density Functional Theory
The results from DFT calculations are consistent with the notion that 
surface hydrogen provides a driving force for migration of Ni to the 
surface and that the driving force for this Ni surface migrations 
increases with increasing hydrogen coverage (Figure 4a). Without 
adsorbates, Ni is more stable in the Cu bulk than at the Cu surface, in 
agreement with previous studies.42, 45, 52 As the H coverage increases 
to 0.17–0.33 ML, Ni prefers the second layer compared to the fourth 
layer by ~0.2 eV (Table S4). At a H(ads) coverage of 1 ML, Ni in the 
surface layer is more stable than Ni in the second layer by 0.4 eV. 
Therefore, as the surface H coverage increases, the driving force for 
Ni surface enrichment increases. 

Increasing the O surface coverage also provides a driving force for 
the migration of Ni from the bulk to the surface (Figure 4b). For low 
oxygen coverages up to 0.2–0.3 ML, Ni is more stable in the second 
layer compared to the first layer by 0.13 eV (Figure 4b and Table S4). 
With further increasing O coverage (0.33–1 ML), Ni starts to prefer 
the first layer. 

However, if the Cu surface is completely oxidized to CuO, the most 
stable structure has Ni in the second layer under the CuO surface 
layer. Modeling of a Ni monolayer to more closely resemble the high 
Ni concentration observed in the nanoparticles reveals a similar 
trend to that observed for isolated Ni atoms: Ni prefers the fourth 

layer without adsorbates, the topmost layer with 1 ML of O(ads), and 
the second layer in the case of a CuO surface layer (Table S4). 

We studied only a limited number of configurations and, thus, it 
cannot be ascertained that we identified the minimum energy 
configurations. Nevertheless, our DFT results provide qualitative 
evidence that and how Ni surface segregation in NiCu alloys can be 
driven by changes in the adsorbate coverage and the oxidation states 
of the alloy, thus providing insight into conflicting reports of surface 
segregation in these alloys. At O2 pressures lower than 10-4 Torr, O 
adsorption and Ni segregation is observed at the surface of NiCu 
alloys with various compositions, consistent with our DFT model 
(Figure 4b).52-54 Exposure of NiCu alloys to O2 pressures above 10−4 
Torr results in CuO segregation at the surface,44, 45, 55-58 consistent 
with our experimental observations and our DFT model that shows 
that Cu becomes more stable after oxidation. One study 
demonstrated that with increasing O2 exposure, from 10 to 104 
Langmuir (defined as 1×10−6 Torr s), the NiO segregation at the 
surface progressively decreased until the surface had less Ni than the 
bulk concentration, essentially observing copper segregation at the 
surface.54 Although different conditions were used in these studies, 
surface segregation was most sensitive to pressure. The oxygen 
coverage and DFT studies reflect an underlying principle that is often 
overlooked and extends to other alloy systems: It is the amount of 
oxygen adsorbed that governs which component segregates to the 
surface. Further, trends in surface segregation are not necessarily 
monotonic in gas exposure, as the oxide will behave differently from 
a metal surface with adsorbed oxygen.

A copper oxide overlayer covering the surface may seem surprising 
as the high affinity of Ni for oxygen provides a driving force for Ni 
surface migration.52-54 However, adsorbed oxygen also mobilizes Cu 
surface atoms.59, 60 The disappearance of Ni during the O2 
pretreatment can also be explained by growing  a Cu oxide surface 
layer covering the Ni surface atoms rather than by inward migration 
of Ni away from the surface.44, 55-58 For example,  complete 
overgrowth of  an initially formed nickel oxide by copper oxide was 
observed for a Cu60Ni40 alloy after 30 minutes of O2 exposure (0.4 
Torr) at 250 °C.57 Therefore, it is reasonable that copper oxide 
overgrew Ni with 1 Torr O2 at 250 °C after 1 h in the np NiCu catalyst, 
in agreement with DFT model (Figure 4) as they reveal that the 
migration of Ni to the bulk from a Cu oxide surface is relatively 
favorable. 

4. Discussion
Our experiments demonstrate that even low Ni concentrations 
increase the catalytic activity of Cu consistent with previous 
studies.9, 11, 61-63 For ethanol dehydrogenation to acetaldehyde 
and H2, isolated Ni atoms in Cu are the active site for the rate-
determining Cα-H bond cleavage,7 lowering the activation 
energy and increasing the activity of Cu for this reaction.20 NiCu 
alloys with 0.1 to 1 at.% Ni contain isolated Ni atoms and 
maintain near-100% selectivity to acetaldehyde.19, 20 The 
question remains why the H2 treated sample deactivates so 
quickly while the O2-treated sample not only shows enhanced 
activity but also long-term stability. The above presented results 
show that H2 pretreatment of the np NiCu catalyst leads to Ni 
surface segregation and Ni cluster formation, while the O2 
pretreatment leads to the growth of a Cu oxide surface layer 
that buries oxidized Ni. Subsequent exposure to ethanol under 
reaction conditions reduces the Cu oxide surface layer, in 
accordance with in situ infrared measurements12 and analysis of 
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spent catalysts.12, 17 Simultaneously, most of the Ni stays in a 
kinetically trapped Ni2+ state. The difference in the reduction 
behavior of Cu and Ni species under reaction conditions reflect 
the higher Ni-O bond dissociation energy (366 kJ/mol) 
compared to Cu-O (287 kJ/mol).64 Our results suggest that the 
improved long-term stability of O2-np NiCu relative to H2-
np NiCu is linked to the kinetically trapped Ni2+ state formed 
during the O2 treatment, which prevents Ni cluster formation. 
Catalysts based on metallic Ni, whether monometallic11, 65-69 or 
alloyed,9, 70-73 are prone to accumulate carbon and deactivate 
by coking.9, 68, 70-72, 74 By contrast, Cu with its lower reactivity 
does not break C−C bonds5, 75-81 consistent with the observation 
that O2- and H2-np Cu exhibit 100% selectivity to acetaldehyde 
(although at a lower activity than the O2-np NiCu analog) and do 
not deactivate. Recent studies have shown that the presence of 
Ni clusters vs. single atoms of Ni on the catalyst leads to a 
decrease in selectivity for ethanol dehydrogenation.19, 20 The 
higher reactivity of Ni clusters allows for C−C bond cleavage and 
carbon deposition as suggested by CO and CH4 formation.19, 68, 

70-72 Thus the deactivation of H2-np NiCu and the increase in the 
carbon surface concentration on this surface during ethanol 
exposure in the AP-XPS experiments can be explained by the Ni-
rich (20±10 at.% Ni) metallic particles found on the surface of 
this catalyst. By contrast, carbon deposition on Ni oxide is not 
significant until 80% of the oxide is reduced coinciding with a 
decrease in conversion.82 This suggests that a majority of Ni 
oxide species need to be reduced in order to initiate 
deactivation through carbon deposition. The presence of Zn in 
these CuZn alloy derived catalysts may make the np NiCu 
catalysts more susceptible to deactivation by carbon deposition 
as it has been shown that the combined presence of Ni and Zn 
can lead to deactivation in ethanol steam reforming stemming 
from the formation of a Ni3ZnC0.7 carbide.83, 84

Over time, even the O2-pretreated np NiCu catalyst slowly 
deactivates as ethanol or the produced H2 reduces the kinetically 
trapped Ni2+ leading to more metallic Ni at the surface. Subsequent 
H2 treatment of the active O2-np NiCu accelerates this deactivation 
mechanism as it completely reduces the Ni2+ species to their metallic 
state thus further increasing the Ni surface concentration. 

To maintain the higher activity of NiCu alloys compared to pure Cu 
beyond 60 h (the longest test runs in this work) will require 
regeneration of the Ni2+ species responsible for the enhanced 
stability, for example through intermittent O2 treatments. The 
regeneration to control the oxidation state of the catalyst surface 
may also have the beneficial result of carbon removal.8, 13, 14 
Alternatively, one could use a lower Ni concentration NiCu alloy to 
reduce the tendency for Ni segregation and cluster formation. 
However, while this approach may result in more stable NiCu 
catalytic sites, it also is expected to reduce the number of single-
atom active sites. 

Conclusions
Our work demonstrates that the stability of NiCu alloy catalysts 
strongly depends on the pretreatment of the catalyst. 
Specifically, a H2 pretreatment leads to more reactive, metallic 
Ni-rich particles, which make this catalyst prone to deactivation, 
probably because of coking. By contrast, an O2 pretreatment 
results in a metastable Ni2+ state, correlated with improved 
activity and long-term stability. The O2 pretreatment of np NiCu 
triggers structural changes in the surface region, creating a 

surface overlayer of copper oxide that covers the Ni originally 
present at the surface. Simultaneously, the Ni oxidation state 
transitions to 2+. With subsequent reduction under ethanol 
dehydrogenation conditions, the surface undergoes another 
structural and compositional change: The Cu oxide surface layer 
reduces, and some Ni reappears near the surface in the form of 
a dilute NiCu alloy, in addition to oxidized Ni-rich particles. In 
this state, the catalyst exhibits a higher activity than its undoped 
(Ni-free) counterpart because the NiCu alloy sites reduce the 
activation energy towards ethanol dehydrogenation. The O2-
pretreated catalyst also shows improved long-term stability as 
most of the Ni is trapped in its oxidized state where it does not 
contribute to catalyst deactivation. Similar surface changes 
driven by exposure to reactive gases at elevated temperatures, 
either as pretreatment or under reaction conditions, are key to 
the activity and long-term stability of other alloy catalysts, e.g., 
selective oxidation reactions on nanoporous AgAu alloys.85 This 
study emphasizes the importance of the dynamic changes of 
catalytic surfaces triggered by exposure to reactive gases as a 
tool to tune material properties and improve their 
performance, with implications extending to electrocatalysis, 
photocatalysis, materials science, metal-based biological 
applications, and beyond. 
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Figure 1. Ethanol-to-acetaldehyde conversion activity of np Cu and np NiCu after various pretreatments: (a) np Cu displays stable activity 
towards acetaldehyde production after 10 h regardless of H2 (black) or O2 (red) pretreatments; (b) O2 pretreated np NiCu shows improved 
reactivity and stability compared to H2 pretreated np NiCu. The latter leads to rapid catalyst deactivation. Reaction conditions: 250 °C, 50 mL 
min-1, 6 vol.% ethanol/He. H2 pretreatment: 350 °C, 20 mL min-1, 10 vol.% H2/He. O2 pretreatment: 250 °C, 50 mL min-1, 20 vol.% O2/He. All 
exposures were at atmospheric pressure (760 Torr). 
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Figure 2. AP-XPS (i-iii), ex situ XPS (iv), and SEM (v) data reveal the compositional, chemical-state, and morphological changes of np NiCu 
during H2 and O2 pretreatments and during ethanol-to-acetaldehyde conversion: a) after in situ H2 pretreatment (350 °C, 1 Torr, 1 h), Cu 
and Ni are in their metallic states (i-iv) while the surface morphology is smooth (v); b) after oxidation (250 °C, 1 Torr, 1 h), Cu is oxidized and 
Ni is no longer detected by AP-XPS (i-iii), a small amount of oxidized Ni is detected by ex situ XPS due to its higher IMFP (iv), and the surface 
is roughened (v); c) after subsequent ethanol exposure (250 °C, 0.2 Torr, 1 h), (i) surface Cu becomes reduced again and a small amount of 
oxidized Ni emerges (i-iv) while the surface smoothens after extended ethanol exposure (v). AP-XPS data were collected under ultra-high 
vacuum conditions at room temperature for a) and b), while c) is collected in 0.2 Torr ethanol at 250 °C. Kinetic energies of exiting electrons 
in the AP-XPS are 200 eV for both Cu and Ni, yielding an inelastic mean free path of 0.6 nm or 1–3 atomic layers. The ex situ inelastic mean 
free path is 1.2 nm or 4–6 atomic layers. To emphasize the surface morphology changes induced by interaction with reactive gases (v) shows 
representative SEM images of np NiCu with larger ligaments. 
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Figure 3. E-TEM (a, b) and EELS (c) analysis of np NiCu illustrates the overgrowth of Cu oxide covering Ni nanoparticles at the surface of a 
np NiCu ligament. Ex situ STEM and EDS mapping (d, e) show Ni-rich nanoparticles resurfacing with subsequent ethanol exposure and on 
the deactivated catalyst surface. In situ aberration corrected high-angle annular dark-field (ac-HAADF)-STEM and EELS data were obtained: 
a) after reduction in H2 (350 °C, 1 Torr, 1 h) and exposure to ethanol (250 °C, 0.2 Torr, 17 h) showing particles at the sample surface. EELS 
analysis indicates the particles outside the Cu ligament are Ni (i-iii). b) After oxidation (250 °C, 1 Torr, 1 h), a rough copper oxide layer covers 
the surface (iv), which is more metallic towards the bulk (v), and no Ni was detectable. All data were collected in vacuum at room 
temperature. d) After O2 treatment and exposure to ethanol (40 h), the reappearance of oxidized Ni nanoparticles and reduction of the 
copper oxide overlayer are observed as revealed by the ex situ HAADF image and the corresponding elemental map. e) After H2 treatment, 
O2-treated np NiCu completely deactivates (Figure 1b, 40–80 h) and exhibits dense Ni nanoparticles due to its metallic nature as shown by 
the bright areas in the ex situ HAADF image and the corresponding elemental map. The large bright features in the HAADF images (d, e) are 
the np NiCu catalyst bulk (which is strongly scattering). 
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Figure 4. DFT modeling of NiCu alloys reveals that surface segregation of Ni depends on hydrogen and oxygen coverage of the surface. a) 
Increasing H coverage from 0 to 1 ML brings Ni from the bulk to the topmost layer. b) Increasing O coverage from 0 to 1 ML brings Ni from 
the bulk (fourth layer) to the first layer. With complete oxidation of Cu to CuO, Ni prefers to be in the second layer, reversing the trend. 
Surface energies of Ni in the first three atomic layers of Cu(110) and CuO(111) were calculated relative to Ni in the fourth layer with various 
surface coverages of the adsorbates. Surface energies of Ni in the third layer were roughly the same as the fourth layer and thus are not 
included. The lowest energy configuration at each coverage is shown above each data point.
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