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A B S T R A C T

The activation of reactants by catalytically active metal sites at metal-oxide interfaces is important for under
standing the effect of metal-support interactions on nanoparticle catalysts and for tuning activity and selectivity. 
Using a combined experimental and theoretical approach, we studied the activation of H2 and the effect of CO 
poisoning on isolated Rh atoms completely or partially covered by a copper oxide (Cu2O) thin film. Temperature- 
programmed desorption (TPD) experiments conducted in ultra-high vacuum (UHV) show that neither a partially 
nor a fully oxidized Cu2O layer grown on a Rh/Cu(111) single-atom alloy can activate hydrogen in UHV. 
However, in situ ambient pressure X-ray photoelectron spectroscopy (AP-XPS) experiments performed at 
elevated H2 pressures reveal that Rh significantly accelerates the reduction of these Cu2O thin films by hydrogen. 
Remarkably, the fastest reduction rate is observed for the fully oxidized sample with all Rh sites covered by 
Cu2O. Both TPD and AP-XPS data demonstrate that these covered Rh sites are inaccessible to CO, indicating that 
Rh under Cu2O is active for H2 dissociation but cannot be poisoned by CO. In contrast, an incomplete oxide film 
leaves some of the Rh sites exposed and accessible to CO, and hence prone to CO poisoning. Density functional 
theory calculations demonstrate that unlike many reactions in which hydrogen activation is rate limiting, the 
rate-determining step in the dissociation of H2 on thin-film Cu2O with Rh underneath is the adsorption of H2 on 
the buried Rh site, and once adsorbed, the dissociation of H2 is barrierless. These calculations also explain why 
H2 can only be activated at higher pressures. Together, these results highlight how different the reactivity of 
atomically dispersed Rh in Cu can be depending on its accessibility through the oxide layer, providing a way to 
engineer Rh sites that are active for hydrogen activation but resilient to CO poisoning.

1. Introduction

Hydrogenation is a critical chemical reaction for many processes in 
the food, pharmaceutical and petrochemical industries such as hydro
genation of vegetable oils [1], asymmetric hydrogenation [2,3], hy
drocracking [4,5], and catalytic reforming [6]. In addition, 
hydrogenation reactions are heavily relied on to convert unsaturated 

alkenes into saturated alkanes and convert CO2 to higher value products 
[7–9]. Typically, heterogeneous catalysts involving oxide-supported 
transition metals (Pd, Ni, Ru, Rh, Pt) are used for hydrogenation pro
cesses industrially [10–14]. However, these catalysts are often prone to 
deactivation by sintering [15–17], coking [18,19], and poisoning 
[20,21]. To overcome the deactivation issue for hydrogenation catalysis, 
single-atom catalysts (SACs) consisting of active metal dopants 
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atomically dispersed on supports have been extensively investigated of 
late [22–28].

SACs have the added advantages of offering high selectivity due to 
their uniform active sites while minimizing the use of precious metals. 
Oxide-supported SACs can be susceptible to deactivation due to strong 
metal-support interaction (SMSI) where the oxide migrates to the sur
face and covers the active metal sites, potentially hindering H2 activa
tion [29–31]. Consequently, there have been several efforts to study the 
reaction kinetics and surface chemistry of metal sites covered by an 
oxide overlayer, and in confined pores, to understand how the metal- 
support interaction affects catalytic activity [32–37] for the diffusion, 
activation, and spillover of hydrogen [38]. In one study, Pt was found to 
promote the diffusion and spillover of hydrogen on a manganese oxide 
overlayer, but H2 dissociation required the presence of bare Pt sites [39]. 
In another study, Prieto et al. demonstrated that Ru(0001) covered by a 
crystalline SiO2 bilayer has a decreased apparent activation energy of 
0.32 eV for the water formation reaction compared to the value of 0.59 
eV for uncovered Ru(0001) [40]. The authors theorized that the 
decrease was due to the reaction becoming diffusion-controlled under 
confinement. Through their theory work, the authors concluded that 
although the rate-determining step for both confined and unconfined 
systems is the formation of surface hydroxyls, the H2 adsorption step 
plays a key role in the overall reaction kinetics. In addition, the authors 
hypothesized that the position of the silica bilayer with respect to the 
ruthenium surface plays a key role in the formation of water [40].

In this study, we used a well-defined copper oxide (Cu2O) thin film 
model oxide support. It is known that at elevated pressures, H2 activa
tion on Cu2O-based systems results in the reduction of the Cu2O to 
metallic Cu through the formation of H2O [41,42]. However, H2 disso
ciation on pristine Cu2O has a high activation energy, preferentially 
occurring on step edges and defects, resulting in a slow oxide reduction 
rate with a long induction period at room temperature [41–44]. Using a 
combination of ambient pressure X-ray photoelectron spectroscopy (AP- 
XPS), temperature-programmed desorption (TPD), and density func
tional theory (DFT) calculations, we previously reported that doping 
Cu2O with a dilute amount of Pt, such as by preparing the oxide from a 
PtCu single-atom alloy (SAA), promotes H2 dissociation and accelerates 
the reduction rate of the oxide [45]. We found that when Pt sites are 
covered by a complete oxide layer, they are blocked from H2 adsorption 
and dissociation, but the Pt atoms still indirectly promote the reduction 
of Cu2O by weakening nearby Cu–O bonds.

In this work, we studied analogous Cu2O thin film surfaces prepared 
from the RhCu(111) SAA in order to evaluate the role of Rh sites under 
the oxide in activating H2. TPD results indicate that H2 dissociation does 
not occur under ultra-high vacuum (UHV) exposure conditions on Cu2O 
thin films or those with Rh atoms underneath. However, AP-XPS dem
onstrates that a continuous exposure to near-ambient pressure H2 at 
room temperature results in a significantly accelerated reduction of the 
Rh-doped oxide compared to the undoped oxide. We found that unlike 
Pt, Rh sites covered by a layer of Cu2O are accessible to H2 adsorption at 
elevated pressures and play a direct role in H2 activation, which results 
in the rapid reduction of the oxide layer. However, when the oxide layer 
is incomplete or defective, exposed Rh sites are prone to deactivation 
due to CO poisoning, which decreases the number of active sites for H2 
dissociation and consequently slows the reduction rate of the oxide 
layer. Results from DFT calculations confirm that the dissociative 
adsorption of H2 is activated, and thus if the pressure is low enough, 
such as when one is under UHV conditions, the dissociative adsorption 
of H2 will not readily occur. However, at high enough pressures, the 
relatively low activation barrier can be overcome, and the reduction of 
the oxide can proceed. This study shows how the reactivity of a catalyst 
toward hydrogen activation can be tuned by modifying the metal-oxide 
interface.

2. Experimental and Computational Methods

2.1. Temperature-Programmed desorption (TPD)

TPD studies were performed using a UHV chamber with a base 
pressure of lower than 1 × 10-10 Torr using a Hiden Hal RC 201 mass 
spectrometer which could be approached to ~1 mm from the sample 
face. The Cu(111) single crystal sample could reach cryogenic temper
atures (~85 K) using liquid nitrogen cooling and could be heated to 750 
K via resistive heating of the tungsten support wires. The Cu(111) crystal 
was cleaned using several Ar+ bombardment cycles (~2 µA drain cur
rent, 1.5 kV) and annealing to 750 K. RhCu SAA was made by depositing 
Rh from an Omicron EFM 3 electron beam evaporator onto the Cu(111) 
crystal at 383 K. One monolayer of Rh is defined relative to the packing 
density of Cu(111), 1.77 × 1015 atoms•cm−2. Cu(111) and the RhCu 
SAA were exposed to 4 × 10-6 Torr of isotopic 18O2 (99%, Aldrich) at 
400 K for either 3 min or 20 min to form the Cu2O(3min) or the Cu2O 
(20min), respectively. The oxidized RhCu SAA surfaces are hereafter 
referred to as Rh/Cu2O(3min) and Rh/Cu2O(20min). For the oxidized 
surfaces, saturation isotopic 13CO (99%, Aldrich), H2 (99.9%, Airgas), 
and D2 (99.9%, Sigma-Aldrich) were exposed to the crystal at 90 K. For 
the case of RhCu SAA, H2 was exposed at 200 K. TPDs were performed 
with a linear heating rate of 1 K/s.

2.2. Ambient pressure X-ray photoelectron spectroscopy (AP-XPS)

AP-XPS experiments were conducted at the In situ and Operando Soft 
X-ray spectroscopy (IOS, 23-ID-2) beamline at the National Synchrotron 
Light Source II (NSLS-II), Brookhaven National Laboratory. A detailed 
technical description about the beamline and endstation capabilities can 
be found in another publication [46]. Cu(111) was cleaned using 
repeated cycles of Ar+ sputtering and annealing to 850 K. Sample 
heating was achieved using a pyrolytic boron nitride heater and the 
temperature was read using a type K thermocouple placed between the 
crystal and the heater. The RhCu SAA was prepared by depositing 1% Rh 
onto Cu(111) at 370–380 K using a SPECS EBE-4 electron beam evap
orator calibrated using a quartz crystal microbalance. Cu(111) and the 
RhCu SAA were oxidized by exposing the sample to 5 × 10-6 Torr of O2 
(99.994%, Matheson) at 400 K for either 3 min or 20 min. Cu 2p spectra 
of the Cu(111) and RhCu(111) surface after oxidation for 20 min 
confirm the presence of Cu2O in the Cu1+ oxidation state (Figure S1). 
During AP-XPS experiments, CO (99.999%, Matheson) and H2 
(99.999%, Matheson) were introduced into the chamber using high 
precision variable leak valves. The gas pressure was read using a com
bination Pirani and hot cathode ion gauge below 1 mTorr and a 
capacitance manometer for better accuracy above 1 mTorr. Experiments 
in ambient pressure of H2 were performed with a detuned undulator to 
reduce the photon flux and eliminate beam-induced effects. The O 1s 
core level was acquired using a photon energy of 710 eV, while Rh 3d 
and C 1s core levels were measured using a photon energy of 500 eV. The 
Fermi edge was measured at each photon energy and was used for 
binding energy calibration.

2.3. Density functional theory calculations

All DFT simulations were conducted using the Vienna Ab initio 
Simulation Package (VASP) software [47,48]. The Gaussian method of 
electron smearing was used with a smearing width of 0.2 eV. Geometric 
optimizations were considered converged when the total energy 
changed by less than 1 × 10−6 eV and interatomic forces were less than 
0.03 eV/Å. The core electrons were described using the projector 
augmented wave (PAW) method [49,50] that were released in 2015 
[51]. The valence electrons were modeled using a plane-wave basis set 
with a cutoff energy of 500 eV. The exchange–correlation potential was 
modeled with the Perdew-Burke-Ernzerhof functional [52]. Structural 
visualizations were performed with OVITO [53].
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For hydrogen dissociation calculations, the “29” CuxO model was 
used. In this model, the bulk lattice constant was optimized to be 3.635 
Å. More details on the construction of this surface are described in our 
previous work [54–56]. Various locations of Rh in the “29” CuxO hollow 
site were tested, which involved either a single atom under the oxide or a 
cluster of atoms under the oxide. The structures involving Rh under the 
oxide were created by replacing bulk Cu atoms with Rh and performing 
a geometry relaxation. All calculations were performed using a (1 × 2 ×
1) Monkhorst-Pack grid and the bottom two layers were fixed to simu
late bulk copper. Transition states were found using the climbing image 
nudged elastic band (CI-NEB) method with the same convergence 
criteria used in geometric optimizations [57,58]. Transition states were 
verified by calculating the vibrational modes and ensuring that there 
was one imaginary mode along the reaction pathway [59].

3. Results and Discussion

3.1. Experimental results – TPD and AP-XPS

We used TPD to investigate the reactivity of Cu2O surfaces with and 
without Rh doping toward H2 dissociation. Briefly, the “29” Cu2O is a 
single layer thin film oxide grown on a Cu(111) surface and it consists of 
hexagonal rings with six oxygen and six copper atoms. The unit cell of 
the “29” Cu2O is believed to contain six of these hexagonal rings with 
five of them containing an oxygen adatom at the center [56,60–62]. The 
Cu2O used in this work was prepared by decreasing the oxidation tem
perature of the Cu(111) crystal from the typical 650 K used to prepare 
the “29” Cu2O to 400 K. The lower oxidation temperature was necessary 
to prevent the diffusion of Rh atoms into the Cu bulk. Rh/Cu2O(3min) 
and Rh/Cu2O(20min) were prepared by first depositing a low coverage 
of Rh on a Cu(111) surface to prepare a RhCu SAA surface, followed by 
oxidation at 400 K for either 3 min or 20 min. While the exact structures 
of the Cu2O(3min) and Cu2O(20min) surfaces are unknown, published 
LEED patterns are noticeably different than that of the “29” Cu2O and 
each other [45]. H2 dissociation on the RhCu SAA surface was used as a 
control experiment since it is active for H2 dissociation as can be seen by 
the H2 recombinative desorption peak observed at ~280 K shown in the 
TPD data in Fig. 1. On the other hand, no recombinative H2 desorption 

peaks were observed for the both the Rh/Cu2O(3min) and Rh/Cu2O 
(20min) surfaces, similar to the control experiment on an undoped Cu2O 
(3min) surface, which indicates that these surfaces cannot activate H2 
under these experimental conditions. This is a different behavior from 
the 3-min oxidized PtCu SAA, which was previously reported to be 
active in H2 dissociation due to the presence of exposed Pt sites not 
covered by oxide after the shorter 3-min oxidation time [45].

Next, we studied H2 dissociation at near-ambient pressure conditions 
using AP-XPS to simulate more realistic hydrogenation conditions under 
which the catalyst was continuously exposed to H2 gas. An undoped 
Cu2O(3min) surface was used as the control experiment, and Rh/Cu2O 
surfaces were prepared by oxidizing a 1% RhCu SAA surface using the 
same conditions as the TPD experiments. The surfaces were then 
exposed to 1 Torr of H2 at 300 K and the O 1s spectra were continuously 
acquired every 35 s in the presence of H2 to monitor the changes in the 
oxide peak as the reduction reaction progressed. We also compared the 
effect of Rh to that of Pt with the same initial coverage of the dopant 
metal.

Fig. 2 shows the plots of the O 1s oxide peak area as a function of H2 
exposure time with Pt (Fig. 2A) and Rh (Fig. 2B) dopants. As expected, 
the reduction of pristine Cu2O(3min) (black squares) proceeds slowly 
due to the high activation energy for H2 dissociation on the Cu2O surface 

Fig. 1. H2 desorption TPD experiments from 0.5% RhCu SAA, bare Cu2O 
(3min), 0.5% Rh/Cu2O(3min), and 0.5% Rh/Cu2O(20min). To make the oxide 
surfaces, Cu(111) or the RhCu(111) SAA were exposed to 4 × 10-6 Torr O2 
pressure at 400 K for 3 or 20 min. 100 L of H2 was then exposed to the oxidized 
surfaces at 90 K and to the RhCu SAA at 200 K.

Fig. 2. AP-XPS-derived plots of oxide O 1s peak area as a function of exposure 
time to 1 Torr of H2 at 300 K for (A) 1% Pt/Cu2O surfaces prepared by oxidizing 
PtCu SAA for 3 min (blue diamonds) and 20 min (purple triangles) compared to 
the pristine Cu2O(3min) surface (black squares), and (B) 1% Rh/Cu2O surfaces 
prepared by oxidizing RhCu SAA for 3 min (blue diamonds) and 20 min (purple 
triangles) compared to the pristine Cu2O surface (black squares). O 1s spectra 
were acquired every 35 s at a photon energy of 710 eV.
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[41–43]. The reduction rate is enhanced by the presence of both Pt and 
Rh. For the Pt/Cu2O surfaces (Fig. 2A), Pt/Cu2O(3min) (blue diamonds) 
is reduced much more rapidly than Pt/Cu2O(20min) (purple triangles), 
consistent with the previously published results for different initial 
coverages of Pt [45]. The accelerated reduction of the Pt/Cu2O(3min) 
surface is attributed to facile H2 dissociation on exposed Pt sites due to 
the formation of an incomplete oxide film [45]. In contrast, for the Pt/ 
Cu2O(20min) sample, the Pt atoms are covered by a complete oxide film 
and they are not able to dissociate H2. This results in a long (~60 min) 
induction period as the slow first step of reduction, followed by a more 
rapid second step that commences after some Pt sites become exposed 
and active for H2 dissociation, as seen in Fig. 2A. Interestingly, the Rh/ 
Cu2O surfaces (Fig. 2B) show a completely different reduction behavior 
in H2. Specifically, the Rh/Cu2O(20min) surface has a significantly 
shorter induction period than the analogous Pt/Cu2O(20min) surface, 
and in fact, the reduction of the more oxidized Rh/Cu2O(20min) sample 
proceeds slightly faster than the less oxidized Pt/Cu2O(3min) system. In 
addition, a less dramatic difference is observed between the Rh/Cu2O 
(3min) and Rh/Cu2O(20min) surfaces, and even more interestingly, the 
former is reduced more slowly than the latter, which is the opposite of 
the case with Pt.

To understand this unexpected reduction behavior of the Rh/Cu2O 
system, we used adsorbed CO as a probe to identify the accessibility of 
the Rh sites relative to their location, on vs under, the oxide layer and to 
gain more insight into the role of the Rh sites for H2 dissociation. Fig. 3
shows the Rh 3d5/2 and C 1s spectra of the metallic and oxidized RhCu 
surfaces before and after exposure to 1 × 10-4 Torr of CO for 30 s. 
Oxidized rhodium species has a Rh 3d5/2 binding energy range of 
308–310 eV [63–65]. Based on the Rh 3d5/2 spectra of both 3-min and 
20-min oxidized samples compared to the as-deposited Rh/Cu(111) 
sample (Fig. 3A), Rh remains in the metallic state. The brief exposure to 
low pressure of CO at 300 K does not result in detectable changes to the 
oxide peak. As shown in the top spectra for the metallic RhCu SAA 
surface, CO adsorption on Rh sites manifests as a shift of the Rh 3d5/2 
peak to a higher binding energy due to the formation of Rh-CO bond, as 
well as the appearance of the C 1s peak at ~286.2 eV arising from 
adsorbed CO. The C 1s peak at ~284.2 eV is from carbon contamination 
that appeared on the surface after Rh deposition, and it does not play a 
role in oxidation or reduction. The middle spectra show Rh/Cu2O(3min) 
at 300 K before (solid dark blue) and after (dotted light blue) CO 
exposure. The slight shift in the Rh 3d5/2 peak to higher binding energy 

and the C 1s peak at ~286.2 eV confirm the presence of adsorbed CO on 
the small amount of exposed Rh sites present after the 3-minute oxida
tion. However, an adsorbed CO peak in the C 1s region is already 
observed for this surface even before the introduction of CO to the 
system, and this CO peak has approximately half of the intensity of the 
peak after CO exposure. This suggests that at 300 K, at least half of the 
exposed Rh sites remaining after the 3-minute oxidation already have 
adsorbed CO from the UHV chamber background. By comparing the 
peak area of adsorbed CO on the Rh/Cu2O(3min) surface to that on the 
metallic RhCu SAA surface, assuming a saturation coverage of CO on 
surface Rh sites, we estimate that ~20% of the initial surface Rh sites are 
still exposed after the 3-minute oxidation. For the Rh/Cu2O(20min) 
surface (bottom spectra), both C 1s and Rh 3d5/2 spectra show no evi
dence of adsorbed CO either before or after CO exposure, indicating the 
absence of exposed Rh sites in the more oxidized Rh/Cu2O(20min) 
sample, similar to Pt/Cu2O(20min) in which all the Pt atoms are buried 
by the oxide layer [45].

After understanding the accessibility of the CO adsorption sites in 
these different systems, we probed their activity for CO oxidation with 
TPD. When small amounts of Rh are deposited on the "29" Cu2O surface, 
molecularly adsorbed CO is fully converted to CO2 upon heating the 
sample [66]. In contrast, CO oxidation does not occur on the undoped 
Cu2O(3min) surface, as shown by the absence of a CO2 desorption peak 
in the upper trace of Fig. 4A. Therefore, the desorption of CO2 provides 
evidence for the presence of exposed Rh sites, which are known to be 
active for CO oxidation [66]. For the 0.5% Rh/Cu2O(3min) sample, 
which was prepared by oxidizing a RhCu SAA instead of depositing Rh 
on Cu2O, the surface is active for CO oxidation as evidenced by the CO2 
desorption peak at ~450 K shown in the middle trace of Fig. 4A. Isotopic 
substitution experiments by preparing the Cu2O surface with 18O2 and 
exposing it to 13C16O enabled us to definitively identify the source of the 
desorbed CO2, shown in Fig. 4B. The presence of a 13C16O18O peak 
(lower TPD trace in Fig. 4B) indicates that adsorbed 13C16O reacts with 
an 18O atom from the oxide surface through the Mars van Krevelen 
(MvK) mechanism [66]. On the other hand, the 12C16O18O peak (upper 
trace in Fig. 4B) is due to background 12C16O in the chamber adsorbing 
to the Rh sites and similarly oxidized through the MvK mechanism to 
form 12C16O18O. This supports our interpretation of the XPS data that 
after the 3-minute oxidation, some of the Rh sites are accessible to CO 
adsorption (including background CO) because they are not completely 
covered by the oxide layer due to the formation of an incomplete/ 

Fig. 3. (A) Rh 3d5/2 and (B) C 1s core level XPS spectra of the as-deposited 1% RhCu SAA (top), 1% Rh/Cu2O(3min) surface (middle), and 1% Rh/Cu2O(20min) 
surface (bottom) before (solid lines) and after (dotted lines) exposure to 1 × 10-4 Torr of CO for 30 s at 300 K.
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defective Cu2O film after the 3-minute oxidation, and these exposed Rh 
sites are active in CO oxidation. Moreover, oxidizing a 0.5% ML RhCu 
SAA for 20 min prevents any CO oxidation, as shown by the absence of 
any CO2 desorption in the bottom trace in Fig. 4A, similar to that of the 
pristine Cu2O(3min) surface. In this case, the Rh/Cu2O(20min) surface 
was prepared with 16O2, and saturation 12C16O was exposed to the 
surface at 90 K. The lack of a 12C16O16O desorption peak indicates that 
CO oxidation does not occur on this system. The TPD data are consistent 
with the XPS data shown in Fig. 3, which demonstrate that some Rh 
atoms are accessible to CO in the Rh/Cu2O(3min) sample but not for the 
Rh/Cu2O(20min) sample. Together, our XPS and TPD results confirm 
that the 20-minute oxidation procedure produces an oxide film that 
covers all the Rh sites, which can neither adsorb nor oxidize CO, whereas 
the 3-minute oxidation of the Rh/Cu SAA leaves ~20% of the Rh sites 
exposed and able to adsorb and oxidize CO. The adsorption of CO on 
exposed Rh sites consequently leads to a slow down in the rate of Cu2O 
reduction in 1 Torr H2 when any trace amount (UHV background) of CO 
is present.

Unlike PtCu SAAs, which were previously shown to bind CO weakly 
with a desorption temperature of ~350 K [67], the RhCu SAA binds CO 
at the Rh sites strongly with a desorption temperature of ~470 K 

[68,69], and, therefore, the Rh sites are likely to be more susceptible to 
CO poisoning. To examine this effect on the Cu2O reduction by H2, we 
performed a series of experiments to observe the effect of CO pre- 
exposure on the reduction kinetics of the Cu2O surfaces, the results of 
which are shown in Fig. 5. For the Rh/Cu2O(3min) surface (Fig. 5A), the 
reduction rate is slightly slower with CO pre-exposure, indicating the 
effect of CO poisoning of the exposed Rh sites. However, as demon
strated from the XPS and TPD data described above, due to CO 
adsorption from the UHV chamber background, the exposed Rh sites on 
the Rh/Cu2O(3min) surface are not completely CO-free at 300 K even 
without intentionally dosing CO, so the reduction rate is always affected 
by background CO poisoning of at least half of the exposed Rh sites. On 
the other hand, the rapid reduction kinetics of the Rh/Cu2O(20min) 
surface are not affected by CO poisoning, as can be seen in Fig. 5B. This 
intriguing result indicates that although Rh sites under the Cu2O(20min) 
are not accessible for CO poisoning, and TPD does not show evidence for 
H2 dissociation at UHV exposures, they are accessible to H2 adsorption 
and active for H2 dissociation at near-ambient pressure conditions. This 
is in contrast to Pt/Cu2O(20min), which was both inaccessible for CO 
adsorption and inactive for H2 dissociation [45].

We therefore conclude that Rh provides active sites for H2 

Fig. 4. (A) TPD data of CO2 desorption from Cu2O(3min), 0.5% Rh/Cu2O(3min) and 0.5% Rh/Cu2O(20min) after saturation 12C16O was dosed onto the surfaces at 
90 K. (B) Isotopically labeled TPD data of CO2 desorption from 0.5% Rh/Cu2O(3min) prepared using 18O2, showing traces of 12C16O18O (top) and 13C16O18O (bottom) 
desorption after saturation 13C16O exposure at 90 K. Both Rh/Cu2O surfaces were prepared by oxidizing RhCu SAA for the indicated times.

Fig. 5. XPS-derived plots of oxide O 1 s peak area as a function of exposure time in 1 Torr of H2 at 300 K for (A) 1% Rh/Cu2O(3min) and (B) 1% Rh/Cu2O(20min) 
examining CO poisoning effects by exposing the samples to 1 × 10-4 Torr of CO for 30 s at 300 K prior to the introduction to 1 Torr of H2.
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dissociation that are responsible for the rapid reduction of the Rh/Cu2O 
surfaces, as illustrated schematically in Fig. 6. The Rh/Cu2O(20min) 
sample (Fig. 6A) likely has one type of active site: Rh atoms under the 
oxide, which are not accessible to CO, but which can adsorb and 
dissociate H2 at elevated pressures, resulting in a significantly more 
rapid reduction of the oxide compared to the Rh-free sample. On the 
other hand, the Rh/Cu2O(3min) sample (Fig. 6B) has two types of Rh 
sites: Rh sites under patches of oxide, which are inaccessible to CO, 
similar to the case for the Rh/Cu2O(20min), which constitute the ma
jority of active Rh sites for H2 dissociation, and some exposed Rh sites, 
likely in exposed defects in the incomplete 3-minute oxide layer. These 
exposed Rh atoms should be able to dissociate H2, but they are easily 
poisoned by trace amounts of CO, which consequently decreases the 
overall number of Rh atoms that can activate H2. This provides an 
explanation for why the reduction of the Rh/Cu2O(3min) surface in H2 
proceeds at a slightly slower rate than the Rh/Cu2O(20min) sample in 
which the Rh atoms are inaccessible to CO.

3.2. DFT results

In order to further understand these effects, we performed DFT cal
culations on model surfaces. Specifically, CI-NEB VASP calculations 
were performed to analyze the energetics of hydrogen dissociation with 
Rh existing either as a single atom or in a cluster under the model Cu2O 
surface. Here we choose the Rh cluster to be located under an oxide ring 
with no O adatoms to be able to compare our results to our previous 
work on Pt [45] where the cluster is also located under an oxide ring 
with no O adatoms. In addition, we have tested the possibility of Rh 
being embedded in the oxide layer itself. However, as shown in the 
calculations that are shown in Figure S2, S3 and S4, it is more favorable 
for the Rh cluster to remain embedded in the Cu(111) surface rather 
than in the oxide layer.

Fig. 7 elucidates the dissociative pathways for H2. Our DFT-based 
model reveals that the rate-determining step for both surfaces is 
adsorption of the H2 at the Rh site under the oxide. As seen from Fig. 7, 
H2 adsorption barriers for Rh atoms and clusters range from 0.29 eV to 
0.42 eV. Furthermore, the H2 adsorption barrier mainly lies in the 
adsorption process as it is difficult for H2 to access the Rh underneath the 

thin oxide layer. Indeed, once the barrier for adsorption is overcome, the 
dissociation of the adsorbed H2 is completely barrierless. This result is 
consistent with the experimental results, which show rapid reduction of 
the oxide layer at elevated H2 pressures in the AP-XPS measurements, 
but no H2 dissociation is observed under UHV conditions due to the 
aforementioned H2 adsorption barriers.

The exothermic dissociative adsorption of H2 on Rh under the oxide 
is in contrast with what we previously found for Pt, where the reaction is 
endothermic on Pt atoms and clusters under the oxide [45]. In addition, 
the H2 adsorption barriers on Rh under the oxide (either as an isolated 
Rh atom or in clusters) are systematically lower as compared to those on 
Pt under the oxide by about 0.1 eV (see Table 1). These findings are also 
consistent with the AP-XPS measurements for which the reduction of the 
oxide is found to proceed more rapidly for Rh as compared to Pt, as 
shown in Fig. 2.

Furthermore, since CO binds more strongly to Rh than to Pt [70,71], 
these sites are more easily poisoned as compared to Pt, which makes 
previously exposed Rh sites inaccessible to H2 due to CO adsorption. The 
stronger CO adsorption on exposed Rh as compared to Pt also explains 
why a defective Cu2O surface with exposed Pt atoms can dissociate H2 
under UHV conditions [45], while a surface with exposed Rh atoms 
cannot. On the other hand, the presence of a complete (20min) oxide 
layer over the Rh sites protects the active sites from CO adsorption, thus 
enabling H2 dissociation and faster reduction of the oxide. Indeed, the 
adsorption energy of CO on a Rh SAA on Cu(111) with a protective oxide 
layer is much weaker as compared to when CO adsorbs on a Rh SAA that 
is not covered by an oxide layer. We find an adsorption energy of −1.16 
eV in the presence of the oxide layer (for which the corresponding 
structure is shown in Figure S5), which is much weaker when compared 
to its reported value of −1.71 eV in the absence of the oxide layer [72]. 
Although an adsorption energy value of −1.16 eV is not insignificant, it 
is also weaker than what was found for atomically dispersed Pt on the 
“29” oxide (−1.27 eV) for which CO was shown to not poison the surface 
at 300 K since the conversion of CO to CO2 was found to occur at this 
temperature [71]. Therefore, the Rh sites under the oxide are not 
poisoned by CO and remain accessible to H2 adsorption, particularly at 
near ambient pressure conditions, and the activation of H2 is exothermic 
(Fig. 7 and in Table 1) on both isolated Rh atoms and Rh clusters under 

Fig. 6. Illustrations depicting the two cases of oxidized RhCu SAA: (A) after 20-minute oxidation, Rh/Cu2O(20min), and (B) after 3-minute oxidation, Rh/Cu2O 
(3min). The Rh sites in the 20-minute sample are inaccessible to CO but active for H2 dissociation at elevated H2 pressures. In contrast, for the 3-minute sample, some 
of the exposed Rh atoms are accessible to, and can be poisoned by, CO, while the buried Rh sites are active for H2 dissociation and promote the oxide layer reduction.
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the oxide layer.

4. Conclusions

In this contribution, we integrated UHV-TPD and AP-XPS measure
ments with first principles-based calculations to determine the influence 
of Rh atoms at the copper metal-oxide interface, their role in activating 
H2, and the effect of CO poisoning. The UHV results indicate that both 
partial and complete Cu2O layers, prepared by oxidizing a RhCu SAA, 
cannot dissociate H2 likely due to the adsorption of H2 being activated 
when Rh is located under the Cu2O layer, as was found from our first 
principles-based model, and the unavoidable poisoning of exposed Rh 
sites by background CO, as demonstrated by XPS and TPD results. 
However, the AP-XPS results indicate that the activated adsorption of H2 
can be overcome at high enough pressures of H2. Further, our first 
principles-based calculations show that once the activated adsorption of 
H2 is overcome, the dissociation of adsorbed H2 by Rh is exothermic. We 
experimentally demonstrated this using AP-XPS, which shows a rapid 

1 2 3

1 2 3

Fig. 7. CI-NEB pathways for H2 dissociation for (A) an atomically dispersed Rh under the oxide layer and (B) a Rh cluster under the oxide layer. The red and grey 
spheres represent the O anion and the Cu cation in the CuxO layer, respectively. The black and pink spheres represent the O adatoms and the Cu atoms on the Cu(111) 
substrate, respectively. Finally, the blue and the white spheres are the Rh and H atoms, respectively.

Table 1 
Comparison of the activation barriers and reactions energies for Rh and Pt that 
form an alloy with the Cu(111) surface in which the “29” oxide is grown over it.

Location Rh Pt

SAA Under the 
Oxide Layer

• Exothermic
ΔE ≈ −0.51 eV
• Adsorption Barrier
≈ 0.29 eV

• Endothermic
ΔE ≈ 0.08 eV
• Adsorption Barrier
≈ 0.40 eV [45]

Most of the H2 dissociation barrier lies in the adsorption process
Alloy Cluster 

Under the 
Oxide Layer

• Exothermic
ΔE ≈ −0.14 eV
• Adsorption Barrier
≈ 0.42 eV
• When adsorbed to the surface, 

H2 dissociation is completely 
barrierless

• Endothermic
ΔE ≈ 0.08 eV
• Adsorption Barrier
≈ 0.50 eV [45]
• Barriers for both H2 

adsorption and 
dissociation

Most of the H2 dissociation barrier lies in the adsorption process
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reduction of the Cu2O thin-film by an elevated pressure of H2, especially 
for a complete oxide layer with no exposed Rh sites that can be poisoned 
by CO. Interestingly, our DFT results also indicate that the dissociative 
adsorption of H2 on the thin oxide film is more exothermic when the 
oxide layer covers an isolated Rh atom embedded within the underlying 
Cu(111) surface as compared to a cluster of Rh atoms. These results are 
contrasted with analogous Cu2O thin films with Pt atoms underneath, 
for which DFT predicts an endothermic dissociative adsorption of H2 
and AP-XPS shows a much slower reduction of the oxide in the absence 
of exposed Pt. This work demonstrates how Rh and Pt at the metal/oxide 
interface affect the reducibility of the thin film oxide differently in 
copper-based catalysts. The observation of Rh sites that remain active 
for H2 activation even when covered by an oxide layer, and in fact the 
oxide layer likely protects the Rh sites from CO poisoning, has wide 
implications in the design of efficient hydrogenation catalysts with 
active metal-oxide interfaces that are resistant to the deactivating effects 
of both CO poisoning and encapsulation of active sites by strong metal- 
support interaction.
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