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Abstract 

 The catalytic reduction of carbon dioxide is a crucial step in many chemical industrial reactions, 

such as methanol synthesis, the reverse water-gas shift reaction (rWGS) and formic acid synthesis. 

Here, we investigate the role of bulk hydrogen, where hydrogen atoms are found deep inside a 

metal surface as opposed to subsurface ones, upon CO2 reduction over a Ni(110) surface using 

density functional theory (DFT) and ab initio molecular dynamics (AIMD) simulations. While it 

has previously been shown that subsurface hydrogen stabilizes CO2 and can aid in overcoming 

reaction barriers, the role of bulk hydrogen is less studied and thus unknown with regard to CO2 

reduction. We find that the presence of bulk hydrogen can significantly alter the electronic 

structure of the Ni(110) surface, particularly the work function and d-band center, such that CO2 

adsorbs more strongly to the surface and is more easily reduced. Our results show an enhanced 

CO2 dissociation in the presence of bulk hydrogen, shedding light on a hitherto underappreciated 

mechanistic pathway for CO2 reduction on metal surfaces.  

 



Introduction  

The catalytic reduction of carbon dioxide is a crucial step in many chemical reactions, such 

as methanol synthesis, the reverse water-gas shift reaction (rWGS), the Bosch reaction, the 

Sabatier reaction, and formic acid synthesis1-18. These reactions are typically catalyzed by 

transition metals including Cu, Co, and Ni, of which the surface electronic structure primarily 

determines the overall activation energy of the reaction19-21. Depending on reaction conditions 

(temperature, pressure), hydrogen will be present on the surface (Hsurf), below the surface (Hsub), 

and/or in the bulk (Hbulk). Under low-pressure (e.g., UHV) conditions, Hsub and Hbulk can be formed 

through two mechanisms: (i) individual H atoms hitting the surface with sufficient energy to 

overcome the energy barrier (~1 eV is needed for a Ni(111) surface), and (ii) collision of an inert 

gas atom or molecule with  Hsurf with a sufficient kinetic energy (~2.6 eV) to push it into the 

subsurface22, 23. However, heterogeneous catalysis of hydrogenation reactions typically occur at 

high pressures (typically ~20 bar but even up to ~100 bar)14, 24, at which hydrogen more easily 

populates the bulk of the catalyst. The precise location (e.g., octahedral/tetrahedral site, see Figure 

1a-b), number of layers below surface, proximity to adsorbed species and concentration of each 

type of hydrogen determine the electronic structure of the catalyst surface, and can thereby 

substantially impact its catalytic performance. While the correlation between Hsub content and 

hydrogenation activity has been investigated since the 1950s1, 25, its precise role, either as a 

spectator or a reactant, is often unclear26-30.  Generally, however, it is well-known that Hsub is less 

stable and becomes more reactive than Hsurf when it emerges to the surface, although its reactivity 

depends on the barrier to emerge2, 31. When such an emergence occurs, the extra energy released 

helps overcome the barrier to hydrogenation of adsorbed species32. Furthermore, Hsub tends to 

stabilize adsorbates by inducing surface strain that shifts the d-band of the metallic surface 



upward21, 33-35. Less is known regarding the role of Hbulk, which is often assumed to play a 

negligible role, if any at all, in catalytic hydrogenation. 

Nickel in particular exhibits promising catalytic activity for reactions involving the 

dissociation of CO2 to CO, such as the rWGS (CO2 + H2 → CO + H2O) and the dry reforming 

reaction (CO2 + CH4 → 2H2 + 2CO), as well as CO methanation (CO + 3H2 → CH4 + H2O) and 

methanol production (CO + 2H2 → CH3OH).  On well-studied Ni surfaces, chemisorption of CO2 

is most favorable and exothermic on Ni(110), with Ni(100) being less favorable and Ni(111) being 

the least favorable.36, 37  Ni(110) has also been shown to be more reactive than Ni(100) and 

Ni(111)38, as it has a greater resemblance to reactive, coordinatively unsaturated sites. 

Interestingly, recent experimental and theoretical studies have demonstrated that the presence of 

Hsub atoms alter the electronic structure of the Ni surface in a way that significantly changes the 

reaction mechanism39-41. For example, Schatz et al., using DFT calculations, showed that in the 

case of the rWGS, the redox pathway dominates in the presence of Hsub, while the associative 

pathway dominates in their absence.21 They also demonstrated that Hsub atoms have the potential 

to aid greatly in the catalysis of CO2 dissociation by favoring dissociation over desorption. 

Furthermore, in the case of CO2 hydrogenation to formic acid, studies have shown that the 

emergence of Hsub to the surface changes the reaction from endothermic to exothermic32, 42. 

 In general, these studies assume the presence of co-adsorbed hydrogen (i.e., Hsurf atoms) 

and only regard H atoms in the octahedral (Oh) sites below the first Ni layer (see Figure 1a) as 

Hsub, claiming other Hbulk sites do not significantly affect surface Ni atoms and adsorbed species.  

In addition, the theoretical studies mentioned above utilized static DFT calculations, which do not 

intrinsically take into account thermal effects, although the latter can be added as a correction 

through the harmonic approximation. Molecular dynamics also allow us to better sample the 



configurational space available to the system at elevated temperatures. As the distribution of these 

H species is strongly influenced by the temperature, high temperatures (e.g., ~300-400 oC in WGS) 

can greatly increase the diffusion processes of H atoms from the surface to the bulk and vice versa. 

To address these gaps in the literature,  here, we decided to study the effects of Hbulk, Hsub, and 

Hsurf on the adsorption and reduction of CO2 on the Ni(110) surface, which is is considered a 

representative surface model for the activity of low-coordination sites of Ni catalysts. Furthermore, 

using ab initio molecular dynamics (AIMD) simulations, we are able to follow how the 

coordination and location of the H atoms, not only on the surface, but also sub-surface and bulk, 

evolve over time, and how this distribution changes with temperature. While our study confirms 

the literature’s findings that Hsub favors CO2 dissociation and Hsurf favors CO2 desorption, we also 

observe that (i) Hbulk significantly alters both the structure and electronic state of the Ni surface,  

and (ii) CO2 exothermically dissociates in the presence of only Hbulk, i.e., even in the absence of 

any Hsurf and Hsub. Our results indicate that there is a much more complex interplay among surface, 

subsurface, and bulk H than previously suspected, and also allude to the possibility of other 

reaction pathways not discussed in previous studies.  

Computational models and methods  

To simulate the metal substrate, we adopted a simulation cell consisting of a 3x3 Ni (110) slab with 7 Ni 

layers and 12 Å vacuum layer, see Figure 1c-d. Following the convention of Schatz et al., we refer to any 

H atoms below the second Ni layer as Hbulk and H atoms below the first and above the second Ni layer as 

Hsub. H atoms on the surface (above the first Ni layer) are referred to as Hsurf. Examples of Hsurf/Ni(110), 

Hsub/Ni(110), and Hbulk/Ni(110) are shown in Figure 2a-c. Each of these systems at a range of hydrogen 

coverages was used for static density functional theory (DFT) electronic structure calculations. For the 

AIMD simulations, systems including six H atoms (2/3 monolayer, ML) were used to create the 



Hbulk/Ni(110) and Hsurf/Ni(110) models to interrogate the properties of Hbulk. During all simulations, the 

bottom Ni layer was fixed at the bulk positions. To produce initial structures with only Hsurf, three H2 

molecules were initially placed randomly on the Ni surface and were subsequently relaxed. To produce 

initial structures with Hbulk and Hsub, H atoms were placed in the tetrahedral (Td) sites below the second Ni 

layer and the octahedral (Oh) sites below the first Ni layer, respectively, see Figure 2b-c. For studying the 

effect of H on adsorbed CO2, a single CO2 molecule was placed in the well-known chemisorbed bent CO2
δ- 

state on the “short bridge-long bridge” site, which has been shown to be the most stable adsorption site for 

CO2 on Ni(110)21. 

AIMD simulations were carried out using the CP2K program43. The potential energy was calculated at the 

PBE-D3 level. 44, 45 The nuclei and core electrons were described through the norm-conserving Goedecker-

Teter-Hutter (GTH) pseudopotentials. 46, 47 We adopted the Gaussian-Plane wave hybrid approach48 in 

which the Gaussian basis sets of the DZVP 49 quality in conjunction with a plane wave cut-off 400 Ry was 

used. Spin polarization was applied for all AIMD and static DFT calculations. 

The AIMD simulations were carried out using the NVT ensemble50 for different temperatures at 100, 200, 

400, and 1000 K maintained by the Nose-Hoover thermostat. 51, 52 Each system was first optimized to a 

local minimum, followed by a 10-15 ps equilibration run at a given temperature. Finally, a production run 

of approximately 20 ps was used for the analysis of the distribution of H atoms and other properties. All 

electronic structure properties (Bader charges53-57, work functions, and projected density of states) were 

computed from optimized geometries from the last configurations of the trajectories. For the electronic 

structure calculations, we utilized a larger basis set of triple zeta quality for a more accurate description of 

electronic density of states and work function. 



 

Figure 1. Nickel face-centered cubic (fcc) crystal structure with hydrogen in (a) octahedral sites 
and (b) tetrahedral sites. (c) Top view and (d) side view of Ni(110) slab used in all simulations. 
Primitive unit cell is shown in (c) by the red dashed lines. 

 

Figure 2. Side view of (a) Hsurf/Ni(110), (b) Hsub/Ni(110), (c) Hbulk/Ni(110), (d) Hsurf/Ni(110) 
with CO2, (e) Hsub/Ni(110) with CO2, and (f) Hbulk/Ni(110) with CO2. Color codes: Ni in blue 
and H in dark white. 



Results and discussion  

H/Ni 

We first examine the effects of H coverage on the surface structure of Ni(110) and the 

electronic structure of the various H/Ni(110) systems. The Ni-Ni bond length of the surface atoms, 

𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁, and the Ni-Ni coordination number of the surface atoms, 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 , of the optimized 

pristine Ni(110) are 2.45 Å and 7.0, respectively. The 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 is within a 1% of the experimental 

crystal structure Ni-Ni distance of 2.48 Å58 , while 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 is the expected coordination number 

for an fcc (110) surface. In Table 1, we show 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 and 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁  for the optimized Hsurf/Ni(110), 

Hsub/Ni(110), and Hbulk/Ni(110) systems as a function of H coverage. At low coverages, 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 is 

essentially unaffected, while at a coverage of 6H (2/3 ML) the bond length has increased for all H 

types, with the largest increase for 6Hsub/Ni(110) of 0.07 Å relative to pristine Ni(110). We see 

that 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 is also largely unaffected, with slight increases at every coverage, due to some surface 

Ni atoms becoming over-coordinated. In the last column of Table 1, we have also tabulated the 

interlayer relaxation between the surface layer and the subsurface layer, Δ𝑑𝑑12, with respect to the 

interlayer spacing in pristine Ni(110), defined as the difference in the average height between the 

atoms in the first and second layers of the Ni slab. We observe that all H types cause layer 

relaxation (predominantly expansion), even at low coverages. However, with increasing coverage, 

Hsub produces the largest change in interlayer spacing, with a change of 17.7% for 6Hsub/Ni(110), 

while 6Hsurf/Ni(110) and 6Hbulk/Ni(110) exhibit only a ~6% change. 

Table 1. Ni-Ni bond lengths, 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁, and coordination numbers, 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁, of surface Ni atoms, 
and layer relaxation Δ𝑑𝑑12 with respect to the pure Ni(110) interlayer spacing of the optimized 
structures. 

 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 (Å) 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁  𝛥𝛥𝑑𝑑12 (%) 
Ni(110) 2.45 7.0  

2Hsurf/Ni(110) 2.48 7.4 3.50 
2Hsub/Ni(110) 2.47 7.0 2.01 



2Hbulk/Ni(110) 2.47 7.2 4.25 
4Hsurf/Ni(110) 2.45 7.2 -1.5 
4Hsub/Ni(110) 2.49 7.2 9.6 
4Hbulk/Ni(110) 2.44 7.2 -5.22 
6Hsurf/Ni(110) 2.48 7.0 6.5 
6Hsub/Ni(110) 2.52 7.0 17.7 
6Hbulk/Ni(110) 2.50 7.2 6.11 

 

 Next, we examine how the H- types and coverage affect the surface electronic structure of 

Ni(110).  A Bader analysis53-57 on the hydrogen and surface Ni atoms revealed that the charge per 

hydrogen atom, qH, does not vary significantly with respect to both type and coverage, as shown 

in Figure 3a (range of y-axis is only 0.04e). However, the H type and coverage significantly alter 

the Ni atom charge in the first layer, qNi, as shown in Figure 3b for Hsurf/Ni(110) and Hsub/Ni(110). 

As we would expect, qNi increases with increasing H coverage for all H types, but most drastically 

for Hsurf, as plotted in Figure 3b. For Hbulk/Ni(110), qNi remains close to the charge of pure Ni(110), 

consistent with previous findings by Schatz et al.21, with only a slight increase with coverage. In 

Figure 3c-d, we also show the work function 𝜙𝜙 of each system, computed according to 𝜙𝜙 = 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 −

𝐸𝐸𝐹𝐹, where 𝐸𝐸𝐹𝐹 is the Fermi level and 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 the vacuum potential energy, as well as the d-band center 

𝜖𝜖𝑑𝑑, given by: 

𝜖𝜖𝑑𝑑 = ∫ 𝜌𝜌𝑑𝑑(𝐸𝐸)𝐸𝐸𝐸𝐸𝐸𝐸∞
−∞
∫ 𝜌𝜌𝑑𝑑(𝐸𝐸)𝑑𝑑𝑑𝑑∞
−∞

, 

where 𝜌𝜌𝑑𝑑(𝐸𝐸) is the density of states projected onto the Ni d-orbitals of the surface atoms (see 

Figure S2 for 𝜌𝜌𝑑𝑑(𝐸𝐸) of selected systems). Each describes a different catalytic property of the 

surface, where 𝜙𝜙 is an indicator of the reducibility59 of the surface and 𝜖𝜖𝑑𝑑 the stability of 

adsorbates60. We see that generally, all H types reduce the work function of Ni(110), as most 

values are below the black dashed line in Figure 3c.  



 

Figure 3. (a) Charge per hydrogen atom qH, (b) total surface charge qNi, (c) work function 𝜙𝜙, (d) 
d-band center 𝜖𝜖𝑑𝑑 of H/Ni(110) systems as a function of H coverage. Black dashed lines represents 
the corresponding value of pristine Ni(110).  

 

Interestingly, Hsub/Ni(110) exhibits an increase in 𝜙𝜙 with coverage. while Hbulk/Ni(110) shows a 

decrease with coverage. Of all Hbulk systems under study,  6Hbulk/Ni(110) has the lowest work 

function (4.49 eV), and is expected to be the strongest reducing agent. Now examining Figure 3d, 

we see that the d-band center becomes less negative with coverage as beyond 0.5 ML.  Typically, 



such an increase in 𝜖𝜖𝑑𝑑 indicates increased adsorbate stability35, which has been well-documented 

in the literature for Hsub/Ni(110).33 While our results also show that 𝜖𝜖𝑑𝑑 is coverage dependent, they 

imply that higher coverages increase adsorbate stability. On the other hand, 𝜙𝜙 for all H/Ni(110) 

systems is lower than the value of pure Ni(110), which is desirable for reactions involving CO2 

reduction (e.g., rWGS). We will explore the effects of the interplay of 𝜖𝜖𝑑𝑑 and 𝜙𝜙 in these systems 

later in the text.  

 Next, we examine hydrogen diffusion and thermal fluctuations of Ni coordination at a 

range of temperatures from AIMD simulations for 6Hsurf/Ni(110) and 6Hbulk/Ni(110). We chose 

these systems because of the lack of discussion on Hbulk in the literature, and we chose a coverage 

of 2/3 ML to ensure reactivity of the surface. Furthermore, we have demonstrated that at high 

coverages, Hbulk is promising for improving reducibility (low 𝜙𝜙) and adsorbate stability (high 𝜖𝜖𝑑𝑑) 

of Ni(110). The diffusion coefficient 𝐷𝐷 can be computed from the mean squared displacement 

(MSD), given by 

𝑀𝑀𝑀𝑀𝑀𝑀 = 〈Δ𝑹𝑹2(𝜏𝜏)〉𝐻𝐻 =
1
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where 𝑹𝑹𝑖𝑖 is the position of atom 𝑖𝑖, 𝑁𝑁𝐻𝐻 the number of H atoms, and 𝑁𝑁0 the number of time origins, 

spaced by 𝜏𝜏. In Figure S3, we plot the MSD along the plane, 𝑀𝑀𝑀𝑀𝐷𝐷𝑥𝑥𝑥𝑥, and normal to the surface, 

𝑀𝑀𝑀𝑀𝐷𝐷𝑧𝑧. We observe that Hsurf starts diffusing at 200 K, while Hbulk remains in the bulk until 400 K, 

where diffusion starts but still stays lower than Hsurf. We obtain the diffusion coefficients 𝐷𝐷𝑥𝑥𝑥𝑥  and 

𝐷𝐷𝑧𝑧 according to 𝑀𝑀𝑀𝑀𝑀𝑀 = 4𝐷𝐷𝐷𝐷 over the linear portions of each curve (𝜏𝜏 = 2.5 − 6 ps), see Figure 

S3), plotted in Figure 4. Not surprisingly, we see that 𝐷𝐷𝑥𝑥𝑥𝑥 for Hbulk is significantly lower,  by 



almost two orders of magnitude, than 𝐷𝐷𝑥𝑥𝑥𝑥 for Hsurf. 𝐷𝐷𝑧𝑧 is much lower than 𝐷𝐷𝑥𝑥𝑥𝑥 for both Hbulk and 

Hsurf, although Hbulk is slightly more mobile than Hsurf along 𝑧𝑧. 

 

Figure 4. Log of the diffusion coefficients D of Hsurf and Hbulk parallel (Dxy) and perpendicular 
(Dz) to Ni surface plane as a function of 1/T, for T = 100, 200, and 400 K, with ideal Arrhenius 
lines. The computed activation energies are: (Dxy)Hsurf: 2.12 kcal/mol, (Dz)Hsurf: 0.67 kcal/mol, 
(Dxy)Hbulk: 0.90 kcal/mol, (Dz)Hbulk: 0.31 kcal/mol. 
 

To understand the effect of temperature on the surface structure of H/Ni(110), in Figure 

5a-b, we plot the Ni-Ni coordination number, 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 , of each surface Ni atom over time. At 200 

K and below, 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁  of all Ni surface atoms is the same as those of the pure Ni(110) surface 

atoms, 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 = 7. At 400 K, we start to observe overcoordinated Ni atoms in both systems, 

predominantly over-coordinated (𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 > 7) sites, especially for Hsurf/Ni(110). 

Simultaneously, we also see a change in the coordination of Hsurf to the surface with temperature, 

with a shift from hollow (3-fold coordinated sites) to bridge (2-fold coordinated sites), as shown 

in Figure 5c. As shown in Figure 5d, a Hsurf atom goes as far as pulling adjacent Ni atoms outwards 

on the bridge site, thus causing an interlayer expansion between the top two layers of Ni(110). 

Through inspection of the trajectory, we also observe that the over-coordinated Ni atoms shown 



in Figure5a-b are due to bond formations between Ni atoms in the surface layer (layer 1). Such 

changes in surface geometry are expected for Hsurf/Ni(110), as Ni(110) is the most reactive of the 

Ni low-index surfaces. As for Hbulk/Ni(110), we observe fewer overcoordinated Ni atoms on the 

surface, but we note that at 400 K, one Hbulk atom diffuses to the surface within 20 picoseconds of 

simulation (see Figure S4a). We attribute the changes in Ni coordination to the presence of this 

single Hsurf atom in the Hbulk/Ni(110) 400 K simulation. From this detail, we can obtain a crude 

estimate of the kinetic barrier for Hbulk to emerge to the surface, computed from the equation61 

 𝑘𝑘 = 𝑘𝑘𝑏𝑏𝑇𝑇
ℎ
𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑘𝑘𝑏𝑏𝑇𝑇  (Hbulk → Hsurf), 

where 𝑘𝑘 is the rate constant, 𝐸𝐸𝑎𝑎 the activation energy, 𝑘𝑘𝑏𝑏 the Boltzmann constant, h the Planck 

constant, and 𝑇𝑇 the temperature. Here, we computed 𝐸𝐸𝑎𝑎 for 𝑘𝑘 = 1 ps-1 and 𝑘𝑘 = 1/100 ps-1 at 𝑇𝑇 =

400 K, since we observed a single event within the first picosecond, for a simulation time up to 

~15 ps. From this equation, we obtain a range for the HbulkHsurf free energy barrier of 0.1-0.3 eV 

for Hbulk to emerge to the surface, which is comparable to reported energy barrier for Hsub to 

emerge, which is on the order of 0.11-0.14 eV, as estimated from static calculations21, 31. To check 

on the magnitude of these values, we analyzed a trajectory at a higher temperature (1000 K) at 

which all Hbulk diffuse to the surface during the simulation. From this simulation, we obtain a value 

(~0.3 eV) comparable in magnitude to the expected range. Due to the instability of the tetrahedral 

Hbulk sites relative to the octahedral Hsub sites, we anticipate that the energy gained moving first 

from the bulk to the subsurface enables Hbulk to overcome the barrier to move from the subsurface 

to the surface. However, in order to fully exploit the enhanced properties of Hbulk/Ni(110), it is 

important to keep H in the bulk and minimize the amount of Hsurf and Hsub. Development of a route 



to producing Hbulk, which usually only occurs once the surface is saturated62, could be 

transformative for the catalysis community. 

 

Figure 5. Ni-Ni coordination number 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 as a function of time for (a) 6Hbulk/Ni(110) and 
(b)6Hsurf/Ni(110). Each curve of the same temperature corresponds to one Ni atom, i.e. the number 
of markers at each time t is the total number of Ni nearest neighbors. (c) Distribution of Hsurf 
adsorption sites at 100 K, 200 K, and 400 K for 6Hsurf/Ni(110). (d) Examples of bridge (2-fold 
coordinated) and hollow (3-folded coordinated) sites for Hsurf shown with orange and red bonds, 
respectively. 

CO2 on H/Ni 

 To understand the effect of the unique properties of Hbulk/Ni(110) on adsorbates, we added 

a single CO2 molecule to the surface of the Hsurf/Ni(110) and Hbulk/Ni(110) systems. The CO2 was 



placed in the well-known V-shaped chemisorbed structure on the short bridge-long bridge site (see 

Figure 2d-f), which has been shown to be the most stable for CO2 chemisorption on Ni(110)21. We 

first examine how CO2 adsorption effects the Ni(110) surface structure, with 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁,  𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 , 

and Δ𝑑𝑑12, for each Hsurf/Ni(110) and Hbulk/Ni(110) system shown in Table 3 for the optimized 

geometries, as well as the two CO bond lengths 𝑟𝑟𝐶𝐶−𝑂𝑂,1 and 𝑟𝑟𝐶𝐶−𝑂𝑂,2. We see that CO2 adsorption has 

a negligible effect on 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁, with a maximum change of 0.07 Å, but we still observe an overall 

increase with H coverage relative to 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 of pristine Ni(110). In terms of Ni-Ni coordination, we 

see either no change or a reduction in 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 toward the value for pristine Ni(110) (𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 =

7). Interestingly, we see expansion of the interlayer spacing for all systems, which increases with 

coverage for both Hbulk and Hsurf. With respect to the CO bond lengths, we see that one of the CO 

bonds elongates, as typical of CO2 activated by metal surfaces63, with increasing coverage for both 

Hbulk and Hsurf. 

Table 3. Ni-Ni bond lengths 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 and Ni-Ni coordination numbers 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 of surface Ni atoms, 
and layer relaxation Δ𝑑𝑑12 with respect to the pure Ni(110) interlayer spacing. 

 𝑟𝑟𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁 (Å) 𝑟𝑟𝐶𝐶−𝑂𝑂,1 (Å) 𝑟𝑟𝐶𝐶−𝑂𝑂,2 (Å) 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁  𝛥𝛥𝑑𝑑12 (%) 
Ni(110) 2.45 1.25 1.27 7.0  

2Hsurf/Ni(110) 2.47  1.29 1.30 7.0  8.14 
2Hbulk/Ni(110) 2.48  1.30 1.31 7.0  7.95 
4Hsurf/Ni(110) 2.48  1.30 1.29 7.2  8.36 
4Hbulk/Ni(110) 2.51  1.39 1.32 7.0  13.7 
6Hsurf/Ni(110) 2.50  1.36 1.28 7.0  9.90 
6Hbulk/Ni(110) 2.51  1.35 1.28 7.0  10.75 

 

 Now examining the electronic structure, in Table 4 we show the charge on each H atom, 

qH, the Ni surface charge, qNi, and the charge of CO2, qCO2, as well as their changes relative to the 

H/Ni systems without CO2. It is well-known that chemisorbed CO2 on nickel is negatively charged, 

with qCO2 = -0.8 – -0.9e21. According to Table 4, our values for qCO2 are in excellent agreement 

with the literature. We observe that CO2 on Hbulk/Ni(110) is more negatively charged than CO2 on 



Hsurf/Ni(110) at all coverages, corresponding to increased charge transfer from the nickel surface 

to adsorbed CO2. This fits very well with our hypothesis from the previous section that when H is 

in the bulk, the Ni(110) surface is more reductive than when H is on the surface. This is further 

substantiated by the computed work functions of 4Hbulk/Ni(110) and 6Hbulk/Ni(110) which are 

lower than those of 4Hsurf/Ni(110) and 6Hsurf/Ni(110). Due to the increased charge transfer from 

Ni to CO2, the charge of the first layer Ni atoms, qNi of Hbulk/Ni(110) is greater than qNi of 

Hsurf/Ni(110) for all coverages, and Hbulk are slightly more negative than Hsurf. We also see that 

CO2 adsorption increases the charge on each Hsurf while decreasing the charge on each Hbulk by 

~0.02e per H atom.  

Table 4. Charges per hydrogen atom qH, total Ni surface charge qNi, and charge on CO2, qCO2. 
 QH (E) QNI (E) QCO2 (E) 

NI(110)  0.25 -0.8 
2HSURF/NI(110) -0.21 (0.02) 1.20 (0.76) -0.83 
2HBULK/NI(110) -0.25 (-0.02) 1.01 (0.8) -0.82 
4HSURF/NI(110) -0.20 (0.02) 1.40 (0.64) -0.84 
4HBULK/NI(110) -0.23 (0.0) 1.12 (0.91) -0.97 
6HSURF/NI(110) -0.21 (0.02) 1.77 (0.63) -0.84 
6HBULK/NI(110) -0.24 (-0.02) 1.09 (0.84) -0.95 

 

 While the previous results give a static picture of CO2 reduction on H/Ni(110), experiments 

typically run at temperature well above 300 K64. To examine temperature effects on the catalytic 

properties of these systems, we performed a series of AIMD simulations at 100 K, 400 K, and 

1000 K for 6Hbulk/Ni(110) and 6Hsurf/Ni(110). As in the 400 K simulation for 6Hbulk/Ni(110) 

without CO2 (see Figure S4a), we observe the emergence of a single Hbulk to the surface on the 

same timescale, as shown in Figure S4b. However, we also see that more Hbulk atoms have moved 

deeper into the bulk (layer 4), most likely due to the stabilization of CO2 on the surface and a lower 

number of available surface sites to which Hbulk can emerge, due to the CO2. Thus, Hbulk and CO2 

stabilize each other: Hbulk stabilizes CO2 by reducing the work function of the surface, enabling it 



to be more reduced than in the presence of Hsurf, and CO2 stabilizes Hbulk by taking up space on the 

surface. In fact, we observe diffusion of Hbulk deeper into the bulk (away from CO2) before any H 

emerges to the surface (see Figure S4b). We also observe such diffusion deeper into the bulk even 

at low temperatures, as in the simulation at 100 K for 6Hbulk/Ni(110), but no emergence to the 

surface.  We also estimated the lifetime of Hsub which is very small, on the order of ~1 ps, even in 

the 400 K simulation, confirming our hypothesis that the energy gained from moving from the 

bulk to the subsurface is enough to overcome the barrier to emerge to the surface. 

 At 1000 K, almost all Hbulk diffuse to the surface within 30 ps, as shown in Figure 6a. 

However, we observe that adsorption of CO2 also pushes one Hsurf atom to the bottom surface, see 

comparison in Figure 6. We attribute this to the reduction and stabilization of CO2, which 

dissociates within the first picosecond, as shown in Figure 7. Interestingly the CO2 dissociated 

before any Hbulk diffused to the surface, i.e., in the absence of Hsurf and of Hsub, as shown in Figure 

7b.   The dissociation was subsequently followed by one Hbulk diffusing to the top surface and one 

Hbulk diffusing to the bottom surface, all during equilibration, and remained for the length of the 

trajectory. In contrast, when all of the hydrogens start out as Hsurf, we observe that the CO2 desorbs 

from the surface within the first picosecond of equilibration, as shown in Figure S5. There is also 

significant surface reconstruction for the CO2 + 6Hsurf/Ni(110) system at this temperature. This, 

coupled with the high work function of this system, destabilizes the CO2 and causes it to desorb. 

 



 
Figure 6. Height (z) of each H atom over time at 1000 K for 6Hbulk/Ni(110) with CO2 (a) and for 
6Hbulk/Ni(110) without CO2 (b). Each curve in each plot corresponds to a single H atom. Black 
dashed lines correspond to the Ni layers, with the topmost black dashed line corresponding to the 
surface. 

 

Figure 7. (a) Side view of configuration at which CO2 dissociates during 1000 K simulation. (b) 
CO bond length, rCO (orange), that breaks during 1000 K equilibration run of 6Hbulk/Ni(110) and 
height z (green) of first H atom to emerge to the surface, both as a function of time. The black 
dashed line corresponds to the top Ni surface.  



Schatz et al. showed that on bare Ni(110), CO2 dissociation and desorption are competing 

processes, as the difference between desorption and dissociation energies is only 0.03 eV, while 

the presence of Hsub increases this difference to 0.13 eV, favoring dissociation21. However, they 

claimed that Hbulk (any hydrogen below the second layer of Ni) does not alter the electronic 

structure of the surface in any significant way and thus does not affect adsorbed species. Our 

AIMD simulations offer an additional scenario that relates to the dynamic behavior of the system 

when temperature effects are taken into account. Our results, show stabilization and reduction of 

CO2 in the presence of Hbulk, which has not been discussed in the literature previously. We also 

note that Schatz and others21, 32, 65 assume that the benefits (e.g., higher reactivity) of Hsub are due 

primarily to the extra energy released when Hsub emerges to the surface prior to CO2 dissociation; 

however, our temperature-dependent simulations suggest that CO2 can dissociate before any 

emergence of Hsub/Hbulk as long as it can adsorb to the surface. To provide further evidence, we 

computed the adsorption energy of CO2 on optimized pure Ni(110) and the 6H/Ni(110) systems, 

according to 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶2 = 𝐸𝐸𝐶𝐶𝐶𝐶2+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − �𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐸𝐸𝐶𝐶𝐶𝐶2�. Here, 𝐸𝐸𝐶𝐶𝐶𝐶2+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the energy of the entire 

system consisting of CO2 adsorbed on pristine Ni(110) or one of the 6H/Ni systems, 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the 

energy of the system without CO2, and 𝐸𝐸𝐶𝐶𝐶𝐶2 is the energy of a single CO2 molecule in the gas 

phase. For CO2 adsorption on pristine Ni(110), we obtain a value of -0.4 eV, which agrees well 

with the literature (-0.47 eV)21, 32  indicating that at room temperature and above there will be little 

to no adsorption of CO2 on the surface. For 6Hbulk/Ni(110) we obtain a stronger adsorption energy 

of -1.3 eV, while we obtain a positive value of 1.93 eV for 6Hsurf/Ni(110), suggesting that CO2 

cannot adsorb on our 6Hsurf/Ni(110), leading to desorption from the surface in AIMD. Finally, we 

note that there is an additional physisorbed state with a very small adsorption energy (-0.1 eV) 



arising from dispersive van der Waals interactions, which is not likely to contribute to any relevant 

catalytic pathways at elevated temperatures. 

 In general, splitting CO2 into CO and O is thermodynamically unfavorable, but becomes 

achievable in the presence of hydrogen, according to the reverse water-gas shift reaction (rWGS)66: 

CO2(g) + H2(g) → CO(g) + H2O(g),Δ𝐻𝐻2980 = 9.8 kcal/mol. 

This reaction is known to occur through two mechanisms21: (i) an associative mechanism, where 

CO2 is first hydrogenated to HCOO, which then dissociates into CO and OH, followed by further 

hydrogenation of OH to H2O, and (ii) a redox mechanism, where CO2 dissociates first into CO and 

O, followed by two subsequent hydrogenations of O to H2O. It has been demonstrated that the 

associative mechanism dominates in the absence of Hsub, while the redox mechanism, which has a 

lower energy barrier, dominates in the presence of Hsub
21. In our case, we see a preference for the 

redox mechanism in the presence of Hbulk as well. However, in previous studies, overcoming the 

CO2 dissociation barrier was attributed to the emergence to the surface of Hsub, but in our 

simulation, there is no emergence to the surface prior to CO2 dissociation. On pure Ni(110), 

temperature-programmed desorption (TPD) experiments show that chemisorbed CO2 is stable up 

to ~220 K67. At this temperature, CO2 partially desorbs and partially dissociates into CO and O. 

Because experiments typically run at temperatures well above 300 K64, it is desirable to find ways 

to favor CO2 dissociation over CO2 desorption, particularly via the redox mechanism, as it has a 

lower energy barrier than the associative mechanism. We attribute the facile CO2 dissociation 

observed in our simulation to enhanced CO2 reduction and stabilization, which arises from the 

unique combination of several desirable properties, namely, a low work function and high d-band 

center. Therefore, we propose the possibility of a new redox mechanistic pathway for CO2 

reduction, which may have a lower barrier to CO2 dissociation than previously identified pathways, 



as displayed in Figure 8(a). A number of distinct Ni/2H(bulk) (15) were optimized and the most 

stable (#12) was used to generate 6  additional Ni/4H(bulk) configurations that were also 

optimized, see new figure S9 and Table S3 in SI. Configuration #4 was used as the reference state 

for the reaction CO2(g) + H2(g)  H2O(g) and CO(g). We also calculated all the activation energy 

barriers that connect the intermediate products. As can be seen, the highest intermediate barriers 

are on the order of 1 eV, which are typically surmountable at temperature above 500K. The largest 

energy penalty is the tandem desorption of the H2O and CO products, ~ 3.3 eV. However, these 

events do not have to happen in tandem. Desorption of H2O alone amounts to about 0.8 eV which 

is comparable to values in the literature (~0.6 eV). For CO, we compute a desorption energy of 

about 2.7 eV, similar to other reported values (~2.1 eV from Schatz et al.). Both of these values 

are somewhat overestimated most likely due to the finite size basis employed or functional. In any 

event, CO desorption will require high temperatures (consistent with the conclusions of Schatz et 

al.) and as result, CO may remain on the surface for further hydrogenation. This references allows 

us to also write the reaction pathway as a catalytic cycle, see Figure 8b. The main difference 

between our proposed pathway and previously identified pathways is the order of CO2 dissociation 

and H emergence to the surface.  

 

 



 
Figure 8. Proposed redox mechanism for CO2 dissociation in the presence of Hbulk based on relative 
energies of the intermediates. (a) Potential energy landscape with barriers shown for select steps. (b) 
Catalytic cycle representation of the reaction pathway. 

 

In the redox mechanism, the rate-determining step is CO2 dissociation, which is facile in 

our case due to the decreased work function of Hbulk/Ni(110). Following dissociation, two 

hydrogenations of O occur to give water; thus, it is required that two hydrogen emerge from the 

subsurface or bulk. We previously showed that the barrier for emergence from the bulk is 

comparable to that of emergence from the surface and on the order of 0.3 eV. As expected, in 

Figure 8, the barrier for the first emergence is low, while the emergence of the second hydrogen is 



substantially increased, which has been corroborated by Schatz et al.21 The first hydrogenation of 

O to hydroxyl and the second hydrogenation to water have both been shown to be fast on Ni(110)68, 

with barriers of 0.57 eV and 1.03 eV, respectively21, which correspond well with our computed 

barriers of 1.01 eV and 0.95 eV. As shown in Figure 8, the only step (prior to desorption) that is 

significantly uphill is the final hydrogenation to water, Hsurf + CO∗ + OH∗ → CO∗ + H2O∗, as 

water is metastable on Ni(110). The last step of this pathway, desorption of the products CO and 

H2O, is also uphill, with a difference in energy of 3.35 eV. Schatz et al. computed the desorption 

energies of CO and H2O on Hsub/Ni(110) to be 0.61 and 2.03 eV, respectively, both of which are 

larger than the corresponding desorption energies on pure Ni(110)21 which we attribute to the 

increase in adsorbate stability from Hsub.  

Conclusions 

This AIMD study demonstrates that bulk hydrogen plays a far more significant role in surface 

catalysis than previously depicted in the literature. In particular, we show that Hbulk can passively 

affect reaction mechanisms in new ways. This is beneficial for catalysis involving CO2 because 

keeping H inside i) keeps the work function low, ii) prevents accumulation of H on the surface, 

and iii) enables the redox mechanism of rWGS, which has a lower reaction barrier than the 

associative mechanism. While the notion of bulk hydrogen influencing reactivity has been 

overlooked in the past because of its negligible effect on surface charge, we found that in spite of 

a similar surface charge to pristine Ni(110), the work function and d-band center of Hbulk/Ni(110) 

can be tuned to a desirable combination of low work function and high d-band center. While 

Hsurf/Ni(110) and Hsub/Ni(110) have higher d-band centers, their work functions also remain higher 

than those of Hbulk/Ni(110) at high coverages. We attribute this to differences in proximity to the 

Ni surface of each H species: moving the negatively charged H atoms deeper into the bulk, and 



thus away from the catalytic surface, reduces the work function with increasing H coverage, a 

trend which is not true for Hsurf and Hsub. This balance can greatly affect the behavior of adsorbed 

species, as we observed the dissociation of CO2 in the presence of Hbulk and the desorption of CO2 

in the presence of Hsurf  during molecular dynamics simulations. In addition, we also observed that 

CO2 dissociation can occur in the absence of Hsurf when only Hbulk is present, putting forth a 

reaction mechanism which has not been yet discussed in the catalysis community. Our results 

suggest that there is a much more complex interplay between Hsurf, Hsub, and Hbulk than previously 

anticipated. AIMD enabled the discovery of this newly found role of Hbulk and its potential to 

influence surface reactivity. This new reaction pathway of CO2 reduction could have implications 

for a variety of reactions involving CO2, such as methanol production, hydrogen production via 

the water-gas shift reaction, and CO2 consumption via the dry reforming reaction.  
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