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ABSTRACT: The presence of energetic hydrogen species in a plasma-enhanced catalysis
reactor for CO2 or CH4 reforming could potentially lead to diﬀerent hydrogenation rates and
mechanisms for surface adsorbates, such as carbon monoxide (CO). Hydrogenation of CO on
the Ni(110) surface at 100 K under ultrahigh vacuum (UHV) conditions has been studied
using coadsorbed surface deuterium (D), subsurface D, and incident D atoms and D2+ ions.
Surface-bound D adatoms did not react with coadsorbed CO to form formaldehyde (CD2O)
and methanol (CD3OD) in temperature-programmed desorption (TPD) measurements. In
contrast, subsurface D formed by incident D atoms can hydrogenate postadsorbed CO in
subsequent TPD measurements to form CD2O and CD3OD in characteristic reaction limited thermal desorption peaks at 170 K.
Subsurface D formed by 400 eV D2+ ions also produces these products but in peaks at 240 K. D atoms from the gas phase
incident on a CO saturated Ni(110) surface at 100 K only formed CD2O in TPD, whereas using 100 eV D2+ ions in a similar
experiment formed both CD2O and CD3OD in TPD. Incident D2+ ions were less reactive than subsurface D for the
hydrogenation of CO on the Ni(110) surface. Our previous Born−Oppenheimer molecular dynamics (BOMD) simulations have
shown that the direct impact of H atoms on a partially CO-covered Ni(110) surface do not hydrogenate CO via an Eley−Rideal
or hot-atom mechanism and in this work the BOMD simulations show that the direct impact of H atoms on a clean Ni(110)
surface do form the subsurface and bulk hydrogen, which supports the role of subsurface D in this reaction. This information will
be useful for a more comprehensive understanding of the reactivity of energetic hydrogen and its role in hydrogenation for
plasma-enhanced catalysis over Ni-based catalysts.

1. INTRODUCTION
The interaction between coadsorbed hydrogen and carbon
monoxide (CO) has been widely studied on various metal
surfaces due to its role in heterogeneous catalysis and
hydrocarbon synthesis, such as the Fischer−Tropsch process
and the CO methanation reaction.1−10 Comparatively few
studies have focused on the interaction of energetic hydrogen
species, such as H atoms and ions, with CO adsorbed on metal
surfaces. For example, as a way to overcome the high activation
barrier associated with dissociative adsorption of ground state
H2 on Cu(110), H atoms were used to study the interaction of
H and CO on Cu(110) and Ni/Cu(110).11 Similarly, on
Ru(001),12 H atoms were used as a method to simulate
Fischer−Tropsch chemistry under UHV conditions by overcoming the thermodynamic and kinetic barriers that prevent
this study using H2. More investigations are needed of energetic
hydrogen interactions with CO because of the role that H
atoms and ions could play in plasma enhanced catalysis.13−15
Plasma-enhanced catalysis combines a plasma with a catalyst
to carry out catalytic processes, such as dry methane reforming,
in which two greenhouse gases, methane (CH4), and carbon
dioxide (CO2), are converted into syngas. In plasma catalytic
dry reforming, a synergistic eﬀect has been observed in
experimental studies that combined plasmas with catalysts,13−18
but the mechanism of this synergism is not understood.
Investigating the interaction of energetic hydrogen species with
© 2018 American Chemical Society

adsorbates, such as CO, on metal surfaces is an important step
toward developing this understanding. CO is of particular
interest since it is a likely and stable adsorbate in plasma
catalytic dry reforming, as well as an important reactant in the
Fischer−Tropsch and CO methanation reactions.
Although surface reactions most commonly occur by a
Langmuir−Hinshelwood mechanism (LH), in which both
reactants are adsorbed on and thermally equilibrated with the
surface prior to collision and subsequent formation of products,
incident H atoms readily follow an Eley−Rideal (ER) or hot
atom (HA) mechanism.19 The ER reaction involves the direct
impingement of a gas phase atom on an adsorbed species,
resulting in the immediate formation of the product, which may
either desorb or remain adsorbed on the surface.20 The
abstraction of adsorbed H by incident H atoms on Si(100) and
Si(111),21 as well as the reaction of incident H atoms with
adsorbed H, CO, O, and formate on Ru(001)20 follow the ER
mechanism. In the HA mechanism, the incident H atom ﬁrst
strikes the metal surface, releasing the H adsorption energy into
(mostly) H atom translational energy. Subsequently the H
atom undergoes several bounces between metal atoms, before
hitting a CO and reacting directly with it.
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Surface coverages θ are given in monolayers (ML), where 1
ML corresponds to the surface Ni atom density of Ni(110)
(1.14 × 1015 atoms/cm2). D coverages, θD, were determined
using TPD. We assumed a surface saturation coverage of D
adatoms was θD = 1.5 ML when produced from dissociative
adsorption of D2 on Ni(110) at 100 K under UHV
conditions.28
2.2. Computational Methods. All Born−Oppenheimer
molecular dynamics (BOMD) simulations in this study were
performed with spin−polarized density functional theory
(DFT) and periodic boundary conditions as implemented in
VASP 5.3.5.29,30 The PBE functional31 was used to model
exchange and correlation interactions, while electron−ion
interactions were modeled using projector-augmented wave
(PAW) potentials. The Ni(110) surface used in this study was a
2 × 3 unit cell with six Ni atoms per layer and seven layers in
total, in which the top four layers were allowed to relax and the
bottom three layers were constrained to maintain the bulk Ni
structure. The unit cell also contained about 12 Å of vacuum
between the uppermost Ni layer and the upper boundary (in
the positive z direction) to avoid electronic interactions
between vertically neighboring cells. A 4 × 3 × 1
Monkhorst−Pack mesh was used for k-sampling of the
Brillouin zone. The kinetic energy of the impinging H atoms
was set to 1473 K to mimic the condition in the experiments
herein and the rest of the system was set to 100 K. In total, 100
trajectories were run with the initial H atoms randomly
distributed in a unit cell that is 5 Å above the Ni surface. The
BOMD simulations were performed in a microcanonical
(NVE) ensemble with a 0.5 fs time step. All trajectories were
one picosecond in length, after which the hydrogen atoms were
mostly thermalized on the surface or bulk. Note that electronic
friction eﬀects should not be important on this time scale, so
we have not included them.

Another possibility is that incident energetic hydrogen
species penetrate the surface to form subsurface hydrogen.
Experimentally, subsurface hydrogen has been found to be the
active species in the hydrogenation of methyl and acetylene on
Ni(111),22,23 while theoretical work on Ni(110) has shown that
subsurface hydrogen can reduce adsorbed CO2 to CO and
H2O,24 and hydrogenate adsorbed CO to CH2O and
CH3OH.25
In this paper, we report on studies of H/D reacting with COcovered Ni(110) that expand on previously reported work,25
including exploration of the hydrogenation of CO using both
subsurface D, incident D atoms, and D2+ ions. We also compare
BOMD simulations of H atoms impinging on a clean and COprecovered Ni(110) surface.

2. METHODS
2.1. Experimental Methods. Experiments were conducted
in a three-level, stainless-steel UHV chamber (2 × 10−10 Torr
base pressure) equipped with low energy electron diﬀraction
(LEED), Auger electron spectroscopy (AES), and temperatureprogrammed desorption (TPD) capabilities. LEED was
performed with a PHI 15−120 LEED optics. AES was
performed with a PHI 15−255G double-pass cylindrical mirror
analyzer (CMA). TPD experiments were performed with the
sample in line-of-sight of the ionizer of a shielded UTI 100C
quadrupole mass spectrometer with the shield nozzle located 1
mm from the sample. The heating rate was 3 K/s. TPD was
conducted monitoring these 14 masses: 2, 3, 4, 16, 17, 18, 19,
20, 28, 30, 32, 34, 40, and 44 amu. We assign 32 amu to CD2O
and 34 amu to CD3OD based on matching cracking ratios in
our experiments and NIST. CD2O was monitored following 32
amu to diﬀerentiate from CD3OD, which has a large cracking
fraction at 30 amu.
The Ni(110) crystal (Princeton Scientiﬁc Corp, 8 mm
square, 1 mm thick, ±0.5° orientation) was cleaned initially
using 1.5 keV Ar+ ion sputtering and annealing cycles at 1100
K. Additional oxygen treatments for several minutes at p(O2) =
4 × 10−8 Torr with the sample at 1000 K were used to
eliminate residual carbon. Subsequent hydrogen treatments for
several minutes at p(H2) = 4 × 10−8 Torr with the sample at
1000 K were used to eliminate residual oxygen. Ni(110) surface
ordering was determined with LEED and purity was conﬁrmed
with AES to ensure carbon and oxygen concentrations of less
than 0.1%. A clean surface was also conﬁrmed using the
position and shape of the D2 TPD peaks, which are sensitive to
surface contamination.
D atoms were produced in a resistively heated, U-shaped Pttube, similar to a design described by Engel and Rieder.26 The
temperature of the Pt-tube source was measured by an optical
pyrometer (Omega OS 3708) and was maintained at 1473 K.
D2+ ions were produced in a PHI 04−303A diﬀerentially
pumped ion gun with adjustable ion energy from 0 to 5 keV.
The nickel sputtering yield for 100−400 eV D2+ ions is <0.04
(Ni atoms/incident ion),27 and ion exposures were limited in
our experiments to ≤2 monolayer equivalents. D2 gas (Praxair,
99.999%) was introduced into the chamber after passing
through a liquid nitrogen cooled trap on the gas inlet line using
a precision leak valve and backﬁlling the UHV chamber. CO
(Praxair, 99.9%) was dosed through backﬁlling the chamber.
Exposures were performed with the Ni(110) crystal at 100 K.
Hydrogen impurities from background coadsorption in all of
the deuterium experiments were less than 0.01 monolayers.

3. RESULTS AND DISCUSSION
The various potential hydrogenation mechanisms for CO have
been examined on the Ni(110) surface at 100 K under UHV
using coadsorbed surface D, subsurface D, and incident D
atoms and D2+ ions. The study of the interaction of surface D
and CO, presented in section 3.1, was designed to probe the
LH mechanism. Next, the study of the interaction of subsurface
D with CO, presented in section 3.3, was designed to probe the
subsurface D pathway. Finally, the study of the interaction of
incident D species and preadsorbed CO, presented in section
3.4, was designed to probe the ER and HA mechanism.
3.1. Interaction of Surface D and CO on the Ni(110)
Surface. We ﬁrst examined the interaction between CO and
surface D, formed by the dissociative adsorption of D2, to
establish a baseline for later comparisons and calculations.
Overall our results are consistent with those reported
previously in refs 32 and 33. Uptake curves demonstrated
that a 5 L exposure of CO on clean Ni(110) at 100 K resulted
in a saturation coverage of CO, which has been reported to be
θCO= 1 ML,34,35 and this CO exposure was used in all following
experiments. The black dashed TPD curve in Figure 1a shows
CO desorption following exposure of CO on Ni(110) at 100 K.
CO desorbs from Ni(110) in two peaks: a higher temperature
peak at 430 K attributed to CO adsorbed primarily at on-top
sites and a lower temperature peak at 280 K attributed to tilted
CO at bridge sites.34,35 CO desorption below 200 K may arise
from heated parts of the sample holder and was ignored.
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Figure 1b shows that incident CO displaced 0.08 ML
preadsorbed D and changed the D2 desorption proﬁle. The α
peak split into two smaller peaks and the β2 peak was removed
completely. This is in accordance with previous studies that
revealed a change in CO and H adsorption sites and a lifting of
the (1 × 2) hydrogen-induced reconstruction.8,9,32,33,35,37,38
Again, no reaction products were observed in these TPD
measurements, as discussed below in Section 3.3.
3.2. Formation of Subsurface D with D Atoms and D2+
Ions on the Ni(110) Surface. D2 TPD curves following
exposure of D2 (black dashed), D atoms (1473 K, 0.13 eV)
(green), and 400 eV D2+ ions (equivalent to 200 eV D+ ions)
(red) are shown in Figure 2. The TPD curve in Figure 2

Figure 1. Comparisons of CO and D2 TPD from Ni(110) after three
diﬀerent experiments: (a) CO TPD curves following exposing clean
Ni(110) to 5 L of CO (black dashed), exposing CO-saturated Ni(110)
to 5 L of D2 (blue), and exposing D-saturated Ni(110) to 5 L of CO
(red); and (b) D2 TPD curves following exposing clean Ni(110) to 5
L of D2 (black dashed), exposing CO-saturated Ni(110) to 5 L of D2
(blue);, and exposing D saturated Ni(110) to 5 L of CO (red). Ts =
100 K.

Figure 2. Formation of subsurface D using incident D atoms and D2+
ions as probed by D2 TPD. These curves following exposure of D2
(black dashed), D atoms (green), and 400 eV D2+ ions (red) on
Ni(110) correspond to θD = 1.5, 3.6, and 4.1 ML D, respectively. Ts =
100 K.

Uptake curves also showed that 5 L of D2 exposures on clean
Ni(110) at 100 K resulted in a saturation coverage, reported to
be θD = 1.5 ML.28 The black dashed TPD curve in Figure 1b
shows D2 desorption following this exposure of D2 on Ni(110)
at 100 K. Three D2 TPD peaks denoted as α, β1, and β2,
occurred as observed previously.28 The α (220 K) peak
accommodates 0.5 ML D and is associated with desorption
from the (1 × 2) reconstructed phase and the transition to the
streaked (1 × 2) phase, while the β1 (280 K) and β2 (350 K)
peaks are due to desorption from the (1 × 1) surface and the
streaked (1 × 2) phase, respectively.28 The formation of
subsurface D36 was not observed at these or higher (10 L)
exposures of D2 on Ni(110) at 100 K.
CO and D2 TPD curves obtained simultaneously following
exposure of 5 L (4 × 10−8 Torr, 120 s) of D2 on a CO-saturated
Ni(110) surface at 100 K are shown by the blue curves in
Figure 1, parts a and b, respectively. D2 did not adsorb on this
surface but instead displaced some CO from the on-top sites.
No reaction products were observed in these TPD measurements, as discussed below in section 3.4.
CO and D2 TPD curves following exposure of 5 L of CO on
a D-saturated Ni(110) surface, reversing the order of CO and
D2 exposure from above, are shown by the red curves in Figure
1, parts a and b, respectively. Comparison of TPD areas of the
red and black dashed curves in Figure 1a indicates that the Dsaturated Ni(110) surface only accommodated 0.73 ML CO.
Furthermore, comparison of the red and black dashed curves in

following exposure of D2 to give 1.5 ML D was reproduced
from Figure 1b for comparison. Exposures of D atoms and 400
eV D2+ ions on Ni(110) at 100 K resulted in coverages of 3.6
and 4.1 ML D as shown by the green and red curves in Figure
2, respectively. These exposures of energetic deuterium were
used in experiments discussed in section 3.3. Incident D atoms
populated the γ1 (160 K) peak, attributed to D2 desorption
from subsurface “bulk” D.36 Increasing exposures of D atoms
revealed that the γ1 peak did not saturate. Similarly, exposure of
400 eV D2+ ions populated the subsurface β3 (380 K) and γ1
(250 K) peaks. Note that the desorption temperature of the
subsurface γ1 peak is a function of the incident D energy.36
3.3. Interaction of Subsurface D with CO on the
Ni(110) Surface. All of the TPD curves shown in Figure 3
were obtained after deuterium pre-exposures were given on
Ni(110) at 100 K followed by a subsequent 5 L of CO
exposure. Products from CO hydrogenation formed from preexposure of gaseous D2 (blue), incident D atoms (green), or
400 eV D2+ ions (red), along with the accompanying D2
desorption, are shown in Figure 3 for peaks at 32 amu
(assigned to CD2O) and 34 amu (assigned to CD3OD),
respectively. The close correspondence of the low-temperature
D2 peaks with the product peaks in Figure 3 indicates reactionrate limited desorption of these two products. Subsurface D
from either source was much more eﬀective than D adsorbed at
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Figure 4. TPD curves for (a) CO and (b) D2 that can be used to
calculate the amounts of CO and D reacted to form CD2O and
CD3OD. In part a, we show CO TPD for a saturation coverage of CO
on clean Ni(110) (black dashed), surface saturated with D adatoms
from a 5 L of D2 predose (blue), and surface containing subsurface D
from a D atom predose (green). In part b, we show D2 TPD for
surface saturated with D adatoms from a 5 L of D2 exposure (black
dashed), surface containing subsurface D from a D atom exposure
(black), and surface containing subsurface D from a D atom predose
followed by 5 L of CO postexposure (green). Ts = 100 K.

Figure 3. TPD curves obtained after forming adsorbed D at the
Ni(110) surface at 100 K using 5 L of D2 exposures (blue), and
additionally forming subsurface D on Ni(110) using D atoms (green)
and 400 eV D2+ ions (red) and giving a postexposure of 5 L of CO.
The desorption of CO hydrogenation products CD2O and CD3OD
occurs in peaks coincident with D2 desorption from D populated
subsurface sites.

an estimate of the amount of CO and D that reacted, since
CD2O and CD3OD partially decompose on Ni(110) to evolve
CO and D2 in TPD measurements,39,40 and additionally, CO
and D2 could have been consumed through another pathway
that was not monitored in our TPD measurements.
3.4. Interaction of Incident D Species on the CO
Saturated Ni(110) Surface. Figure 5 shows TPD curves
following the exposure of D2 (blue), D atoms (green), or 100
eV D2+ ions (equivalent to 50 eV D+ ions) (red) on a COsaturated Ni(110) surface at 100 K. This reverses the order of
exposures of CO and D species from section 3.3. Gaseous (5 L)
D2 did not react with preadsorbed CO or stick on the COsaturated surface and no hydrogenated products or D2
desorption was observed in TPD measurements. Incident D
atoms were sorbed, forming subsurface D, and reacted with
preadsorbed CO in subsequent TPD measurements to desorb
trace amounts of CD2O in peaks at 140 and 220 K. No
signiﬁcant desorption of CD3OD was observed. The low
temperature CD2O peak appears below the temperature for D2
desorption from subsurface D, which indicates that this product
was formed either during D atom exposure via an ER or HA
mechanism directly involving incident D atoms or at or below
140 K from reactions of coadsorbed D and DCO or CO.
Exposure of the CO-saturated surface to incident 100 eV D2+
ions resulted in sorption of D, with formation of subsurface D,

the surface from D2 exposure for hydrogenating adsorbed CO
in these TPD measurements, and the desorption peak
temperatures depend on how the subsurface D was formed:
170 K for incident D atoms and 240 K for incident D2+ ions.
Although the amount of CD2O and CD3OD formed in
Figure 3 was not quantiﬁed directly, the changes in the
accompanying D2 and CO TPD curves can be used to estimate
these yields. The D2 TPD area following the exposure of D
atoms on Ni(110) with and without postexposure of CO
indicates that the amount of D desorbed decreased from 3.6 to
3.3 ML, as shown in Figure 4b. As calculated in section 3.1,
0.08 ML of surface D adatoms was displaced by incident CO
molecules during exposure, and therefore, 0.22 ML D reacted
with the incident CO to form CD2O and CD3OD. We can also
calculate the amount of CO that appears in these hydrogenated
products by measuring the amount of CO desorbed (0.5 ML)
in TPD in these experiments, as shown by the green curve in
Figure 4a for using incident D atoms. This amount of desorbed
CO is then compared to the amount of CO (0.73 ML)
desorbed from the D-saturated surface, in which no subsurface
D is present, as shown by the blue curve in Figure 4a. For
reference, Figure 4a also shows CO TPD from clean Ni(110)
where θCO = 1.0 ML. Therefore, in the case of incident D
atoms, 0.23 ML CO, i.e. 30% of the postadsorbed CO reacted
with subsurface D to form CD2O and CD3OD. Note that this is
14674
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observed in TPD. This also demonstrates that higher energy
D2+ ions are more eﬀective than lower energy D atoms at
penetrating a monolayer of chemisorbed CO on the Ni(110)
surface and populating subsurface Ni sites, and therefore, they
more extensively access a subsurface D reaction pathway for the
hydrogenation of CO.
3.5. BOMD Simulation of H Impinging on Clean and
CO Covered Ni(110) Surface. The experiments presented
above have been addressed from an energetics point of view in
Figure 6 of our previous paper,25 in which the lowest energy
pathway for CO hydrogenation to CH3OH for several metal
surfaces has been compared. The Ni(110) surface itself has
relatively high energy barriers, but if we take into account the
electronic energy stored when a subsurface hydrogen atom
emerges to the surface (0.6 eV per Hsub), the overall eﬀective
barriers for Ni(110) + Hsub are much lower than those for clean
Ni(110) and comparable to those for CO hydrogenation on
clean Cu(111) and Cu(211), which are favorable for forming
methanol. In that same paper,25 our BOMD simulations have
shown that the direct impact of H atoms on a partially COcovered Ni(110) surface could not hydrogenate CO via either
an Eley−Rideal or hot-atom mechanism. To further investigate
the possibility of subsurface hydrogen formation, BOMD
simulations were performed for hydrogen impinging on the
clean Ni(110) surface. The kinetic energy (temperature) of the
impinging H was set to 2.9 kcal/mol (1473 K) and the
temperature of Ni(110) was set to 100 K to mimic the
conditions of the TPD experiments. As shown in Figure 6, parts
a and b, of the 100 trajectories that were studied, only ﬁve of
them led to reﬂection of the hydrogen atom back to vacuum
(denoted as “Reﬂected H” in Figure 6b), and about half of the
hydrogen atoms thermalized on the surface. Overall, 44% of the
hydrogen atoms either reached the subsurface or bulk, with
25% and 13% of them resulting in subsurface hydrogen or bulk
hydrogen, respectively, followed by diﬀusion back to the
surface, and 6% resulting in thermalized bulk hydrogen.
Although the overall ratio of bulk hydrogen is relatively low
in our simulations, 44% of the simulated hydrogen can either
reach subsurface or bulk. In our simulations, only one hydrogen
atom was used to impact the clean Ni(110), hence the
interactions between the absorbed hydrogen and impinging
hydrogen that can occur in the experiments were not taken into
account. Furthermore, only four layers of relaxed Ni were used
in the simulations. As shown in Figure 6a, some trajectories

Figure 5. TPD curves for D2, CD2O, and CD3OD following exposure
of a CO-precovered Ni(110) surface to incident D2 (blue), D atoms
(green), and 100 eV D2+ ions (red). Ts = 100 K. Coincident
desorption of CD2O and CD3OD with D2 arising from subsurface D
indicates the important role of subsurface D species in hydrogenating
adsorbed CO.

and the desorption of D2, CD2O, and CD3OD at 200 K in TPD
measurements. The D2 TPD peak occurred at the same
temperature at which subsurface D (formed from 100 eV D2+
ions) desorbed as D2 from clean Ni(110).36 The appearance of
all of the desorbed products in peaks at the same temperature is
consistent with a mechanism in which subsequent heating in
TPD causes subsurface D to emerge at the surface and react
with adsorbed CO to form the CD2O and CD3OD products

Figure 6. (a) z-axis of the impinging hydrogen atom and (b) the populations of hydrogen along the 100 trajectories of BOMD simulations on clean
Ni(110).
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Figure 7. Comparisons of the yields of CO hydrogenation from TPD curves for (a) CD2O and (b) CD3OD. Black curves: TPD curves following the
formation of subsurface D using incident D2+ ions on a clean Ni(110) surface followed by post exposure of 5 L of CO. Red curves: TPD curves
following exposure of a CO-saturated Ni(110) surface to incident D2+ ions. Ts = 100 K.

CD2O and CD3OD in TPD measurements. Incident D atoms
also form subsurface D but only forms the CD2O product.
The experiments show that incident energetic D species are
less reactive than subsurface D for the hydrogenation of CO on
the Ni(110) surface. Additionally, Born−Oppenheimer molecular dynamics (BOMD) simulations show that the direct
impact of H atoms on a CO covered Ni(110) surface does not
hydrogenate CO via an Eley−Rideal or hot-atom mechanism.
Therefore, in environments where energetic D species are
incident on adsorbate-covered surfaces, one needs to include
the important, likely dominant role, of subsurface D in reaction
chemistry, as our BOMD simulations indicate the possibility of
subsurface H formation on Ni(110). Overall, these results will
be helpful for a fuller understanding of the synergistic eﬀects
observed in plasma-enhanced catalysis over Ni-based catalysts.
As demonstrated, incident hydrogen atoms and ions in
hydrocarbon reforming plasmas can carry out hydrogenation
reactions more eﬀectively than surface-bound hydrogen.

reach the bulk and then return to the surface. The force from
the rigid Ni layers may therefore increase the possibility for
bulk hydrogen emerging to surface.
3.6. Hydrogenation Mechanisms for Energetic D at
the CO-Saturated Ni(110) Surface. We can combine the
details about the reaction channels for CO hydrogenation on
Ni(110) due to incident D, surface-bound D, and subsurface D
with our experimental data to obtain insights into the
importance of these various pathways. Incident D2+ ion
exposure on a CO-precovered Ni(110) surface forms both
CD2O and CD3OD, as discussed above for Figure 5. However,
as can be seen by the direct comparison in Figure 7, parts a and
b, this situation (red curves) yielded ﬁve times less hydrogenation products than the reaction between preabsorbed
subsurface D formed by incident D2+ ion exposure on a clean
Ni(110) surface followed by CO exposures (black curves).
These observations demonstrate that the ER mechanism is not
as eﬃcient as a reaction pathway with subsurface D for CO
hydrogenation by energetic D at these energies on Ni(110).
This conclusion is valid extending all the way to low, thermal
energies since a similar conclusion was reached for incident
versus pre-exposed D atoms.25 This is also supported by the
BOMD simulations discussed above, which show that subsurface D plays the major role in the hydrogenation of CO on
Ni(110) under these conditions.
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