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ABSTRACT: Acetic acid adsorption and reactions at multiple surface
coverage values on Ni(110) were studied with temperature-
programmed desorption (TPD) and infrared reflection absorption
spectroscopy (IRAS) at 90−500 K. The experimental measurements
were interpreted with density functional theory (DFT) calculations that
provided information on adsorbate geometries, energies, and vibrational
modes. Below the monolayer saturation coverage of 0.36 ML at 90 K,
acetic acid adsorbs mostly molecularly. Above this coverage, a
physisorbed layer is formed with dimers and catemers, without
detectable monomers. Dimers and catemers desorb as molecular acetic
acid at 157 and 172 K, respectively. Between 90 and 200 K, the O−H
bond in acetic acid breaks to form bridge-bonded bidentate acetate that
becomes the dominant surface species. Desorption-limited hydrogen
evolution is observed at 265 K. However, even after the acetate formation, acetic acid desorbs molecularly at 200−300 K due to
recombination. Minor surface species observed at 200 K, acetyls or acetates with a carbonyl group, decompose below 350 K and
generate adsorbed carbon monoxide. At 350 K, the surface likely undergoes restructuring, the extent of which increases with acetic
acid coverage. The initial dominant bridge-bonded bidentate acetate species formed below 200 K remain on the surface, but they
now mostly adsorb on the restructured sites. The acetates and all other remaining hydrocarbon species decompose simultaneously at
425 K in a narrow temperature range with concurrent evolution of hydrogen, carbon monoxide, and carbon dioxide. Above 425 K,
only carbon remains on the surface.

1. INTRODUCTION

Nickel-based catalysts are actively studied for a wide range of
reactions, for example, for hydrogenation, dehydrogenation,
and removal of sulfur-, nitrogen-, and oxygen-containing
compounds. For these reactions, it is important to determine
adsorption modes and surface reactivity of light hydrocarbons,
such as acetic acid. Specifically for hydrodeoxygenation
technologies for converting biomass into transportation fuels
and chemical feedstocks, acetic acid is an actual component of
bio-oils and, therefore, it is widely used as a model compound
representing carboxylic acids and other oxygen-containing
hydrocarbons.1−3 In addition, acetic acid is used as a model
compound in the development of improved catalysts for steam
reforming of biomass-derived chemicals into synthesis gas for
the Fischer−Tropsch process and for the hydrogen production
for fuel cells and other applications.4,5 In selective oxidation,
the reverse of hydrodeoxygenation, it is desirable to develop
efficient catalysts for a single-step process for the production of
acetic acid from ethane, ethylene or ethanol.6,7

Previous studies of acetic acid on Ni(110) evaluated surface
restructuring and surface reactions after adsorption at temper-
atures at and above 303 K.8,9 An additional study evaluated
decomposition of acetic acid on Ni(111) with temperature-

programmed desorption (TPD) measurements after adsorp-
tion at 250 K.10 In the current study, a more detailed analysis
of adsorption and decomposition products was performed by
combining TPD and infrared reflection absorption spectro-
scopic (IRAS) measurements after adsorption at 90 K. The
experimental results were interpreted with density functional
theory (DFT) calculations that provided information on
adsorbate geometries, energies, and vibrational modes.

2. METHODS
2.1. Experimental Methods. TPD experiments were performed

in a three-level, stainless steel ultrahigh vacuum (UHV) chamber (2 ×
10−10 Torr base pressure), with the sample in the line of sight of the
ionizer of a shielded UTI 100C quadrupole mass spectrometer. The
shield nozzle was located at a distance of 1 mm from the sample. The
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heating rate was 3 K/s. Custom software enabled monitoring of up to
eight masses simultaneously.
IRAS experiments were performed in a separate UHV chamber

using a Bruker Vertex 70 instrument with a grazing incidence of 75°
from the surface normal and a liquid nitrogen-cooled mercury−
cadmium−telluride detector. Spectra were obtained with a resolution
of 2 cm−1 by averaging 512 scans over 5 min. All adsorption spectra
were taken with the sample at 90 K and ratioed against a clean
background spectrum obtained by heating the adsorbate-covered
surface to 550 K.
We note that the surface selection rule states that only molecular

vibrational modes that give rise to a dynamic dipole moment
perpendicular to the surface will be observed in the infrared (IR)
vibrational spectrum of adsorbates on a metal surface. Therefore,
when a molecule adsorbs, IR intensities of vibrational modes with
dynamic dipoles that are oriented mostly perpendicular to the surface
increase and, conversely, IR intensities of vibrational modes with
dynamic dipoles that are mostly parallel to the surface decrease. The
same effect is observed when an adsorbate changes its orientation on
the surface.
An IR spectrum of acetic acid in the gas phase was obtained with a

cell equipped with CaF2 windows using a Bruker Vertex 70 IR
spectrometer with the same 2 cm−1 resolution. Prior to the
measurements, the cell was evacuated with a molecular drag pump
with a base pressure of 1 × 10−6 Torr, and the background spectrum
was taken of the evacuated cell. The spectrum of acetic acid vapor was
taken by averaging 512 scans over 5 min at 298 K for the dimer and at
403 K for the monomer.
The Ni(110) crystal (8 mm square, ±0.5° orientation) was cleaned

by sputtering with 1.5 keV Ar+ ions and annealing at 1100 K. To
eliminate residual carbon, the surface was annealed in oxygen, P(O2)
= 4 × 10−8 Torr, at 1000 K. Hydrogen treatments at P(H2) = 4 ×
10−8 Torr at 1000 K were used to eliminate residual oxygen. The
surface cleanliness was checked with Auger electron spectroscopy
(AES), and the surface order and periodicity were verified with the
low-energy electron diffraction (LEED) pattern, as shown in Figure 1.
Glacial acetic acid (Sigma-Aldrich, ≥99.99%) was degassed through

freeze−pump−thaw cycles and dosed via a variable precision leak
valve. Since acetic acid decomposition resulted in the formation of
residual carbon on the surface, the crystal was annealed in oxygen and
then in vacuum at 1100 K to remove residual carbon from the surface
before each TPD experiment. Surface coverage values, θ, are

calculated based on the density of Ni atoms on a Ni(110) surface
of 1.15 × 1015 atoms/cm2, with θ = 1 monolayer (ML) corresponding
to one acetic molecule per Ni surface atom to match the coverage
notation of the computational results.

2.2. Computational Methods. Gradient-corrected spin-polarized
periodic DFT calculations with the DMol3 code11,12 in Materials
Studio 2017 by Dassault System̀es BIOVIA Corporation were
performed for determining geometries, adsorption energies, and
vibrational frequencies of molecularly adsorbed acetic acid and
reaction products on an infinite Ni(110) surface constructed by using
periodic unit cells. Calculations were performed at two surface
coverage values by changing the unit cell size (Figure 2). Low surface

coverage calculations used a unit cell with 2 × 4 surface Ni atoms with
a single adsorbate, corresponding to θ = 1/8 ML. The unit cell had 5
layers with a total of 2 × 4 × 5 = 40 Ni atoms (Figure 2a). High
surface coverage calculations used a unit cell with 2 × 2 surface Ni
atoms with a single adsorbate, corresponding to θ = 1/4 ML. This
smaller unit cell had the same 5 layers for a total of 2 × 2 × 5 = 20 Ni
atoms (Figure 2b). Both unit cells were generated from the bulk
crystal using the optimized Ni lattice constant of 0.3541 nm, within
0.5% of the 0.3524 nm experimental value. A vacuum spacing of 3 nm
in the c direction was used. The top three layers of the Ni(110)
surfaces were optimized with adsorbates during geometry optimiza-
tions, simulating surface relaxation after adsorption. The remaining
two bottom layers were constrained at the bulk Ni crystal positions,
simulating the bulk structure.

The calculations used the double numerical with polarization
(DNP) basis set and the generalized gradient-corrected Perdew−
Wang (GGA PW-91) functional. Tightly bound core electrons of Ni
were represented with semicore pseudopotentials. Reciprocal-space
integration over the Brillouin zone was approximated through k-point
sampling with a separation of 0.4 nm−1 using the Monkhorst−Pack
grid: 4 × 2 × 1 and 4 × 5 × 1 for the larger and smaller unit cells,
respectively. A value of 0.08 for both charge and spin density mixing
with direct inversion in the iterative subspace (DIIS) and orbital
occupancy with thermal smearing of 0.002 Ha were used. The formal
spin for the Ni atoms was initially set to +2 to improve convergence.
The orbital cutoff distance of 0.4 nm was set for all atoms. Similarly
constructed periodic surfaces with similar computational settings were
previously used successfully for studying adsorption and reactions on
metal surfaces.3,13−18

Adsorption energies were calculated at 0 K without zero-point
energy corrections using as a reference the sum of energies for the
corresponding Ni surface and an isolated acetic acid molecule
calculated separately. Adsorption energies are reported as positive
numbers, −ΔEads. Frequency calculations were performed using a
partial Hessian matrix for adsorbed structures. All vibrational
frequencies for all adsorbed structures were scaled by a single factor
of 1.0235, which was obtained by matching the experimental
frequency of 1429 cm−1 to the νs(OCO) vibration of the bridge-
bonded acetate bidentate structure.Figure 1. LEED pattern of Ni(110) at 130 eV.

Figure 2. Periodic unit cells used to construct an infinite Ni(110)
surface: (a) a larger 2 × 4 × 5 unit cell was used for calculations at a
lower coverage of 1/8 ML and (b) a smaller 2 × 2 × 5 unit cell was
used for calculations at 1/4 ML.
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3. RESULTS

3.1. TPD. Figure 3 shows molecular acetic acid (60 amu)
TPD results as a function of increasing surface coverage on
Ni(110) at 90 K. At low coverage values, acetic acid desorbs
initially in a broad feature centered near 220 K and then in a
narrow peak at 157 K (Figure 3a). Higher coverages lead to a
new sharp desorption peak at 172 K (Figure 3b).
The monolayer saturation coverage was estimated at 0.36

ML based on close packing of the van der Waals diameter of
the most stable bridge-bonded bidentate acetate surface
structure. Although a determination of which TPD curve
corresponds to this coverage is complicated due to the
dissociative and recombinative chemistry on the surface and
the dimerization and nonideal layer-by-layer growth of the
adsorbate film, the bold black curve in Figure 3a was assigned
the monolayer saturation coverage of 0.36 ML based on an
analysis of trends in the desorption of acetic acid and its
decomposition products. This reference TPD curve was then
used to calculate all other surface coverage values as a ratio of
integral intensities in the TPD results of acetic acid and its
decomposition products.
Figure 4 compares the TPD curve for molecular acetic acid

at one acetic acid coverage value of 1.7 ML from Figure 3b to
the accompanying TPD results for the H2, CO2, CO, and H2O
decomposition products. AES results (not shown) indicate that
in addition to these products, surface carbon forms and
remains on the surface after desorption of all other
decomposition products. At this coverage, acetic acid desorbs
in a large peak at 157 K, a second smaller peak at 172 K, and a
broad tail to near 300 K. A small TPD peak for H2O (18 amu)
is observed at 310 K. The CO (28 amu) curve, which is not
corrected for the CO+ cracking product from CO2, exhibits a
peak at 435 K. The CO2 (44 amu) and H2 (2 amu) curves
exhibit peaks at the same temperature.
Figure 5 shows a series of H2 and CO2 TPD curves as a

function of initial acetic acid coverage. At all coverage values,
H2 has a desorption peak at 265 K. At low coverage values,
below 0.36 ML, a second desorption peak is observed at 380 K.
At higher coverage values, the second desorption sharp peak is
observed at a higher temperature of 425 K (Figure 5a). The

CO2 desorption peaks are similar to those of H2, except for the
absence of the initial peak at 265 K. At low coverage values,
below 0.36 ML, a peak is observed at 380 K. At higher
coverage values, the intensity of the peak at 380 K gradually
decreases, and the second peak at a high temperature of 425 K
grows. At even higher coverage values, only a single sharp peak
at 425 K is observed (Figure 5b).

3.2. IRAS. For comparison with the spectra from adsorbed
species and as a reference for DFT frequency calculations, IR
spectra for gas- and liquid-phase acetic acid were collected.
The experimental and computational spectra in Figure 6 are in
good agreement. The experimental peaks observed in the gas
phase (acetic acid monomer) and calculated vibrational
frequencies for an isolated acetic acid molecule are summarized
in Table 1.
Figure 7 shows a series of IRAS spectra as a function of

annealing temperature for acetic acid adsorbed at 90 K at two
coverage values: 2.9 ML (high) and 0.18 ML (low). For the
high coverage at 90 K, the spectrum is dominated by four
peaks at 964 cm−1 for γ(OH), 1311 cm−1 for ν(C−O), 1730

Figure 3. TPD results for molecular acetic acid (60 amu) at (a) 0.12−0.92 ML and (b) 1.5−7.3 ML on Ni(110) at 90 K. The curve at the
monolayer saturation coverage of 0.36 ML shown in bold black is included in both plots as a reference.

Figure 4. TPD results for acetic acid and its decomposition products
for an acetic acid coverage of 1.7 ML on Ni(110) at 90 K.
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cm−1 for ν(CO), and 2989 cm−1 for ν(OH), which are
characteristic of acetic acid in a condensed state (Table 2).
Therefore, the initial state must be predominantly an acetic
acid multilayer, as can be expected for the 2.9 ML coverage
well above the estimated monolayer saturated coverage of 0.36

ML. These four peaks are no longer observed at 200 K,
demonstrating desorption and decomposition of molecular
acetic acid below this temperature. Importantly, the absence of
the peak at 2989 cm−1 for ν(OH) at 200 K shows that the O−
H bond in acetic acid is broken, and there are no hydrocarbon
fragments with an O−H bond. Additional peaks at 1055, 1421,
1447 (shifts to 1456 at 350 K), 1628, 1690, and 2931 cm−1

remain after annealing to 200 K and, therefore, they must be
due to chemisorbed structures. A new peak at 1832 cm−1 at
200 K is due to CO adsorbed on Ni−Ni bridge sites.21

Upon heating to 350 K, the peaks at 1628 and 1690 cm−1

disappear, while the peak at 1421 cm−1 becomes a shoulder on
the main peak at 1456 cm−1. The peak at 1832 cm−1 for
bridge-bonded CO shifts to 1876 cm−1, and an additional peak
characteristic of CO adsorbed on atop sites21 appears at 2010
cm−1. Heating to 450 K produces a spectrum without
detectable peaks (not shown), indicating complete desorption
of decomposition products, except for surface carbon detected
with AES.
At the lower surface coverage of 0.18 ML on Ni(110) at 90

K, the spectrum in Figure 7b is significantly different than that
at 2.9 ML in Figure 7a. The peaks for acetic acid in a
condensed state at 964, 1311, and 1730 cm−1 are not observed,
confirming that the coverage of 0.18 ML is below that needed
to form clusters of condensed acetic acid. Instead, the observed
peaks at 1065, 1409, 1596, and 1672 cm−1 are assigned to
chemisorbed species. The peak at 3017 cm−1 for ν(OH) is
significantly smaller than at the high coverage, and it must be
due only to chemisorbed species. After heating to 200−210 K,
the peak at 1409 shifts to 1429 cm−1 and becomes dominant.
The peaks at 1065 and 1596 cm−1 remain almost unchanged.
In contrast, the peak at 1672 cm−1 is no longer observed.
Similar to the peak at 1832 cm−1 at the high coverage, a new
peak at 1850 cm−1 can be attributed to CO adsorbed on Ni−
Ni bridge sites. Upon further heating to 350 K, the peak at
1596 cm−1 is no longer observed. The intensity of the peak at
1429 cm−1 decreases, and a neighboring sharp dominant peak
appears at 1452 cm−1. The peak at 1850 cm−1 for bridge-
bonded CO shifts to 1900 cm−1 and grows in intensity,

Figure 5. (a) H2 and (b) CO2 TPD results for acetic acid coverage values from 0.16 to 4.1 ML on Ni(110) at 90 K. The color coding is from dark
blue (low coverage) to brighter red (high coverage), with the curve at the monolayer saturation coverage of 0.36 ML being shown in bold black.

Figure 6. IR spectra of acetic acid.

Table 1. Experimental IR Peaks and DFT-Calculated
Vibrational Frequencies for Acetic Acid Monomer, cm−1a

mode
experimental

vapor19
experimental vapor at
403 K (this work)

calculated monomer
(this work)

ν(CC) 847 not observedb 838
ν(C−O) 1182 1183 1164
b(OH) 1264 1272 1308
δs(CH3) 1382 1385 1363
ν(CO) 1788 1778, 1797c 1775
ν(OH) 3583 3567, 3582, 3595 3656
aν  stretch, b  bend, δ  deformation, s  symmetric. bPeaks
below 900 cm−1 were not observed due to the transparency limit of
the CaF2 IR cell windows. cThe presence of an additional peak is due
to acetic acid rotamers.20
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becoming significantly larger than the corresponding peak at
1876 cm−1 at the high coverage.
3.3. DFT Calculations. The calculated vibrational

frequencies for an isolated acetic acid molecule in Table 1
match the experimental IR peaks for acetic acid vapor shown in
the same table mostly within 20 cm−1. The calculated
vibrational frequencies for an isolated acetic anhydride in
Table 3 match the corresponding experimental IR peaks shown
in the same table mostly within 30 cm−1. The frequency
assignments for all isolated and adsorbed structures were
confirmed by visualization of their calculated normal vibra-
tional modes.
Molecularly and dissociatively adsorbed acetic acid struc-

tures on Ni(110) are summarized in Figure 8, and their
vibrational frequencies are provided in Table 4. Molecular
acetic acid preferentially adsorbs by binding through its
carbonyl oxygen to a single Ni atom (μ1η

1(O) configuration)

with an O−Ni bond distance of 0.200 nm (Figure 8a). The
calculated adsorption energies are 77 kJ/mol at 1/8 ML and 76
kJ/mol at 1/4 ML (Table 5). The double bond in the carbonyl
group remains mostly intact. The calculated CO bond
distance increases slightly from 0.122 nm for the gas-phase
acetic acid monomer to 0.124 nm. This small increase in the
bond distance, however, leads to a significant change in the
calculated frequency of the CO bond stretch from 1775
cm−1 in the gas phase (Table 1) to 1660 cm−1 (Table 4). In
contrast, the vibrational modes for the C−O and C−C bonds
remain similar to those for a gas-phase molecule, mostly within
30 cm−1 (Table 4). The unique characteristic of molecularly
adsorbed acetic acid for identification of this structure in the
experimental spectra, therefore, is that ν(CO) shifts to a
lower wavenumber, while all other frequencies remain mostly
unchanged.
Adsorbed structures for acetic anhydride are summarized in

Figure 9. The anhydride preferentially binds through both
carbonyl O atoms and one of the carbonyl C atoms to three
adjacent Ni atoms in a μ3η

3(O,C,O) configuration (Figure 9a).
This structure with an adsorption energy of 112 kJ/mol no
longer has two identical CO groups but, instead, it has
separate CO and C−O groups with calculated stretching
frequencies of 1583 and 1269 cm−1, respectively (Table 4).
Two additional acetic anhydride structures  μ2η

2(O,O) in
Figure 9b and μ3η

3(O,O,O) in Figure 9c  are considerably
less stable with adsorption energies of 69 and 45 kJ/mol,
respectively.

Figure 7. IRAS spectra as a function of annealing temperature for an initial coverage of (a) 2.9 ML and (b) 0.18 ML of acetic acid on Ni(110) at 90
K.

Table 2. Experimental IR Peaks for Acetic Acid in a
Condensed State, cm−1a

solid22 liquid23
vapor, 298 K
(this work)

multilayer at 2.9 ML on
Ni(110), 90 K (this work)

γ(OH) 923 944 948 964
ν(C−O) 1284 1294 1294 1311
ν(CO) 1648 1739 1734 1730
ν(OH) 2875 2990 3030 2989
ν(CH) 3030 2960 2931

aγ  wag, ν  stretch.

Table 3. Experimental and Calculated Vibrational Frequencies for Acetic Anhydride, cm−1a. Adsorption Structures on Ni(110)
are Shown in Figure 9

experimental24 gas-phase calculated structure (a) calculated structure (b) calculated structure (c) calculated

νa(COC) 1135 1102 1107 1080
νs(COC) 1230 1191 1216 1250
ν(C−O) 1269
ν(CO) 1779b, 1835c 1777b, 1844c 1583 1629b, 1655c 1588, 1647

aν  stretch, s  symmetric, a  asymmetric. bOut of phase. cIn phase.
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Figure 8. Structures obtained with DFT calculations for molecularly and dissociatively adsorbed acetic acid on Ni(110): (a) molecularly adsorbed
acetic acid, (b) acetate adsorbed through two O atoms (bridged bidentate) and atomic hydrogen surface species (CH3COO plus H), (c) acetate
adsorbed through one O atom (bridged monodentate) and atomic hydrogen surface species (CH3COO plus H), (d) acetyl adsorbed through one
C atom and one O atom and hydroxyl surface species (CH3CO plus OH), and (e) acetyl adsorbed through one C atom and hydroxyl surface
species (CH3CO plus OH). Side view (upper row) and top view (lower row) are shown for the surface coverage of 1/4 ML. Only the top two Ni
surface layers are shown for clarity.

Table 4. Calculated Vibrational Frequencies for Acetic Acid and Its Decomposition Products on Ni(110) Shown in Figure 8,
cm−1a

μ1η
1(O) CH3COOH
structure (a)

μ2η
2(O,O) CH3COO + H

structure (b)
μ2η

1(O) CH3COO + H
structure (c)

μ2η
2(C,O) CH3CO + OH

structure (d)
μ1η

1(C) CH3CO + OH
structure (e)

ν(CC) 901 952 914 1134 912
ρ(CH3) 1032, 1057 1029, 1057 1015, 1068 926, 983 989, 1089
ν(C−O) 1411 1249
b(OH) 1220
δs(CH3) 1377 1370 1397 1347 1358
νs(OCO) 1429
δa(CH3) 1477, 1484 1457, 1487 1471, 1478 1447, 1475 1432, 1456
νa(OCO) 1524
ν(CO) 1660 1698 1400 1652
νs(CH) 3062 3050 3048 3030 3012
νa(CH) 3131, 3182 3126, 3171 3121, 3178 3110, 3144 3096, 3136
ν(OH) 2899

aν  stretch, ρ  rock, b  bend, δ  deformation, s  symmetric, a  asymmetric.

Table 5. Calculated Adsorption Energies for Acetic Acid and Its Decomposition Products on Ni(110) Shown in Figure 8, kJ/
mol

coverage,
ML

μ1η
1(O) CH3COOH
structure (a)

μ2η
2(O,O) CH3COO + H

structure (b)
μ2η

1(O) CH3COO + H
structure (c)

μ2η
2(C,O) CH3CO + OH

structure (d)
μ1η

1(C) CH3CO + OH
structure (e)

1/8 77 172 102 131 111
1/4 76 160 102 128 111

Figure 9. Structures obtained with DFT calculations for acetic anhydride on Ni(110) in different adsorption configurations: (a) μ3η
3 (O,C,O), (b)

μ2η
2 (O,O), and (c) μ3η

3 (O,O,O). Side view (upper row) and top view (lower row) are shown for the surface coverage of 1/8 ML. Only the top
two Ni surface layers are shown for clarity.
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After O−H bond breaking, molecular acetic acid forms
acetate that preferentially binds through two O atoms to two
Ni atoms in a bridge-bonded bidentate μ2η

2(O,O) config-
uration (Figure 8b). Since the adsorption energy for this
structure of 172 kJ/mol at 1/8 ML and 160 kJ/mol at 1/4 ML
is much higher than that for the molecular acetic acid, the
acetate formation is predicted to be thermodynamically
favorable. Moreover, the bridge-bonded bidentate acetate is
predicted to be more stable than any other acetate or acetyl
structure (Table 5). A distinguishing characteristic of the
bridge-bonded bidentate acetate is the presence of two
equivalent C−O bonds with a calculated distance of 0.127
nm. Consequently, this structure no longer has individual C−
O and CO bond stretches but, instead, has symmetric and
asymmetric O−C−O stretches at 1429 and 1524 cm−1,
respectively, (Table 4). The IR intensity of the symmetric
stretch is expected to be significantly higher and, therefore, the
νs(OCO) vibration at 1429 cm−1 can serve as a unique
characteristic for identification of this structure.
The calculations suggest a possible second acetate structure

that binds only through one of its O atoms in a bridge-bonded
monodentate μ2η

1(O) configuration (Figure 8c). This
structure is predicted to be metastable because its adsorption
energy of 101−102 kJ/mol is significantly lower than that of
the bridge-bonded bidentate structure (Table 5). The
calculated CO bond distance of 0.123 nm and its stretching
vibrational frequency of 1698 cm−1 are similar to those for the
molecularly adsorbed acetic acid (Table 4). Therefore, this
structure can be identified in the experimental spectra by the
presence of its unique characteristic ν(CO) vibration at
∼1700 cm−1, similar to molecular acetic acid, and a
simultaneous absence of ν(OH) at ∼3600 cm−1, unlike in
molecular acetic acid.
After scission of the OH group, molecular acetic acid forms

acetyl that preferentially binds through C and O atoms to two
Ni atoms in a bridge-bonded bidentate μ2η

2(C,O) config-
uration (Figure 8d). Since this most stable acetyl with
adsorption energies of 128−131 kJ/mol (Table 5) is still
significantly less stable than the bidentate acetate in Figure 8b,
acetyl is likely not a stable, but only a transient, species in
acetic acid surface decomposition. As the structure binds

through both C and O atoms, the CO bond length increases
to 0.127 nm and the characteristic ν(CO) shifts to 1400
cm−1 (Table 4).
When acetyl binds only through a C atom to one Ni atom in

a monodentate μ1η
1(C) configuration (Figure 8e), the

adsorption energy is even lower at 111 kJ/mol (Table 4).
The calculated CO bond distance of 0.123 nm and its
corresponding stretching frequency of 1652 cm−1 for this
acetyl are similar to those for molecularly adsorbed acetic acid
(Table 3).
In addition to molecularly and dissociatively adsorbed acetic

acid structures in Figure 8, vinylidene (C−CH2) and ketene
(CH2CO) were evaluated as possible decomposition products
(Figure 10). Vinylidene preferentially binds through both C
atoms to two Ni atoms in the surface layer and two additional
Ni atoms in the first sublayer positioned as a cross in a
μ4η

2(C,C) configuration (Figure 10a). The calculated CH2
scissoring bending vibration, δs(CH2), is at 1448 cm−1. The
vinylidene structure on a Ni threefold site where the C atom
without H atoms binds to all three Ni atoms and the
methylene C atom binds to only one of these three Ni atoms in
a μ3η

2(C,C) configuration (Figure 10b) is less stable by 32 kJ/
mol with δs(CH2) at 1458 cm−1. Ketene preferentially binds
through both C atoms to two Ni atoms in a μ2η

2(C,C)
configuration (not shown) with a short CO bond length of
0.120 nm and the corresponding CO stretching vibration of
1846 cm−1.
In addition to the bidentate (Figure 8b) and monodentate

(Figure 8c) bridging acetates, a third acetate structure is
possible that binds through two O atoms to a single Ni atom in
a chelating monodentate μ1η

2(O,O) configuration (Figure
10c). This structure by itself is unstable on pure Ni at all
evaluated coverage values. Even at a coverage as high as 1/2
ML (2 × 1 surface unit cell), this structure converts to a much
more stable bridge-bonded bidentate configuration (Figure
8b). However, the chelating monodentate structure can be
stabilized by co-adsorbed oxygen when only a single Ni atom is
available for acetate formation. Its adsorption energy is 91 kJ/
mol at 1/4 ML in the presence of 1/2 ML atomic oxygen.
Similar to the bridge-bonded bidentate, the two C−O bonds
are equivalent. The calculated bond length of 0.128 nm, which

Figure 10. Structures obtained with DFT calculations for vinylidene and chelating acetate on Ni(110): (a) μ4η
2(C,C) C−CH2, (b) μ

3η2(C,C) C−
CH2, and (c) μ1η

2(O,O) CH3COO with pre-adsorbed 2 O atoms. Side view (upper row) and top view (lower row) are shown for the surface
coverage of 1/4 ML. Only the top two Ni surface layers are shown for clarity.
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is larger than 0.127 nm for the bridge-bonded bidentate, shifts
the characteristic νs(OCO) from 1429 to 1457 cm−1.

4. DISCUSSION
On Ni(110) at 90 K and a high coverage of 2.9 ML, the most
prominent IR peaks at 964, 1311, and 1730 cm−1 in Figure 7a
are consistent with, respectively, γ(OH), ν(C−O), and ν(C
O) of acetic acid in a condensed state (Table 2). The
condensed state in this case is a physisorbed multilayer with
dimers and catemers, which are various-length chains of more
than two hydrogen-bonded acetic acid molecules.25 The
absence of characteristic vibrations for acetic acid monomer
(Table 1) demonstrates that at these low-temperature high-
coverage conditions, only dimers and catemers, without any
monomers, are present. Specifically, the intense ν(OH) peak at
3582 cm−1 in the acetic acid vapor-phase spectrum at 403 K in
Figure 6 (also in Table 1) is not observed in Figure 7a. Instead,
the observed broad ν(OH) peak at 2989 cm−1 is consistent
with the presence of dimers and catemers (Table 2). The
physisorbed multilayer desorbs at 157 and 172 K (Figure 3).
Since there are more hydrogen bonds in catemers than in
dimers, the first acetic acid desorption peak at 157 K can be
assigned to the decomposition of dimers into isolated acetic
acid molecules, and the second desorption peak at 172 K can
be assigned to the decomposition of catemers.
In contrast with the high-coverage conditions, the

physisorbed clusters characteristic of the multilayer are not
observed at submonolayer coverage. The γ(OH), ν(C−O),
ν(CO), and ν(OH) peaks at 964, 1311, 1730, and 2989
cm−1 present at 2.9 ML in Figure 7a are no longer observed at
0.18 ML in Figure 7b. The observed peaks at 1065, 1672, and
3017 cm−1 are consistent with, respectively, ρ(CH3), ν(C
O), and ν(OH) of molecularly adsorbed acetic acid (Figure 8a
and Table 4). The peak at 1409 cm−1 is consistent with the
νs(OCO) vibration of the bridge-bonded bidentate acetate
structure (Figure 8b and Table 4). The peak at 1596 cm−1 is
likely the ν(CO) vibration of the μ2η

1(O) acetate in Figure
8c or μ1η

1(C) acetyl in Figure 8e. Therefore, at low-coverage
conditions, acetic acid initially adsorbs mostly molecularly and
to some extent breaks the O−H bond to form acetate species
and possibly breaks the C−O bond to form acetyl species.
The acetic acid TPD results in Figures 3 and 4 show that

acetic acid desorption is mostly complete by 200 K. At this
temperature, the peaks for dimers and catemers are no longer
observed in the IR spectrum for the 2.9 ML coverage in Figure
7a and the peaks for molecularly adsorbed acetic acid are no
longer observed in the IR spectrum for the 0.18 ML coverage
in Figure 7b. The dominant IR peak at 1421−1429 cm−1 can
be unambiguously assigned to the symmetric νs(OCO)
vibration of the bridge-bonded bidentate acetate (Figure 8b,
Tables 4 and 6). A similar peak at 1432−1437 cm−1 was
reported for Ni(111) at different coverage values at 120−300
K.26 A broad shoulder between 200 and 300 K in the acetic
acid TPD results in Figures 3 and 4, therefore, indicates
recombinative desorption from acetate and hydrogen surface
species. The H2 TPD peak at 265 K in Figures 4 and 5a is in
agreement with the results of H2 desorption from a clean
Ni(110) surface,27,28 confirming that hydrogen surface species
are generated below this temperature through O−H bond
breaking and acetate formation.
At high coverage, the peak at 1690 cm−1 is consistent with

the ν(CO) vibration of the acetate adsorbed through one O
atom, μ2η

1(O), in Figure 8c (Table 4). The peak at 1628 cm−1

is consistent with the ν(CO) vibration for the acetyl
adsorbed through one C atom, μ1η

1(C), in Figure 8e (Table
4). Similar peaks at 1610 and 1647 cm−1 were reported for
acetyl on Pd(110)29 and Pt(111),30 respectively.
The peaks at 1055 cm−1 (high coverage) and 1065 cm−1

(low coverage) in Figure 7 are consistent with the rocking of
the CH3 group, ρ(CH3), in various acetate and acetyl
structures (Table 4), and, as a result, they are not characteristic
of any specific hydrocarbon surface species. Similarly, the
ν(CH) peak at 2931 cm−1 is also not characteristic. The IR
peak assignments at 200−210 and 350 K are summarized in
Table 6.
The appearance of the peaks at 1832 cm−1 (high coverage)

and 1850 cm−1 (low coverage) for CO adsorbed on bridge
sites in Figure 7 shows that in addition to more facile O−H
bond breaking with the formation of acetate and C−O bond
breaking with the formation of acetyl, some C−C bond
breaking also occurs at 200−210 K. On a clean Ni(110)
surface, CO2 desorption and decomposition into adsorbed CO
and O were reported to be competitive at 220 K.31 Since no
CO2 desorption is observed at this temperature in Figure 5b,
all of the formed CO2 must be dissociating.
At 350 K, the disappearance of the peaks at 1595, 1628, and

1690 cm−1 in Figure 7 shows that all species with an intact
CO group, for example, the μ2η

1(O) acetate in Figure 8c or
the μ1η

1(C) acetyl in Figure 8e, transform or decompose below
this temperature. The νs(OCO) peak at 1421−1429 cm−1

from the bridge-bonded bidentate acetate in Figure 8b, the
dominant hydrocarbon species at 200−210 K, becomes
smaller, indicating transformation or decomposition of this
structure. Concurrently, the peak at 1452−1456 cm−1, which
was minor at 200 K, grows in intensity and becomes dominant
(Figure 7). This peak cannot be due to νs(OCO), δs(CH3), or
any other vibrational mode of the bridge-bonded bidentate
acetate in Figure 8b for two reasons. First, if the νs(OCO) peak
at 1421−1429 cm−1 and the peak at 1452−1456 cm−1 were
from the same acetate structure that does not change its
orientation relative to the surface, their peak intensities would
be correlated. This was not observed. Instead, the relative peak
intensities in Figure 7 are different, depending on coverage and
temperature. Second, the νs(OCO) vibration was the only
observable IR peak for the bridge-bonded bidentate acetate in
a study with different coverage values, different precursor
molecules, and different temperatures.26 There was never a
second IR peak at any of the various dosing conditions. Since
the relative intensities of the peaks at 1421−1429 and 1452−
1456 cm−1 are uncorrelated and each one can be dominant,
they cannot be from the same structure and so must be due to

Table 6. Assignments of the Experimental IR Peaks at 200−
210 and 350 K, cm−1a

200−210 K 350 K

2.9 ML 0.18 ML 2.9 ML 0.18 ML

ρ(CH3) 1055 1065 1055 1065
νs(OCO) 1421 1429 1421 1429
νs(OCO)

b/δs(CH2) +
ν(CC)c

1447 1456 1452

ν(CO)d 1628, 1690 1596
ν(CO)e 1832 1850 1876, 2010 1900
ν(CH) 2931 2931
aρ  rock, ν  stretch, δ  deformation, s  symmetric.
bCH3COO.

cCCH2.
dCO containing species. eCO.
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two separate hydrocarbon species if the Ni(110) surface does
not reconstruct.
The calculation results in Figure 10 suggest two possible

assignments for the peak at 1452−1456 cm−1 on a non-
reconstructed Ni(110). It is likely that one of the
decomposition products is vinylidene, C−CH2. The calculated
coupled vibrational mode of CH2 scissoring and C−C
stretching, δs(CH2) + ν(CC), at 1448 and 1458 cm−1 for,
respectively, the μ4η

2(C,C) and μ3η
2(C,C) vinylidene

structures in Figure 10a,b closely matches the experimental
value. In addition, our previous studies identified vinylidene as
a highly stable C2 hydrocarbon species on Pt(111) with a
similar vibrational frequency of 1413−1417 cm−1.16,18 An
argument against the vinylidene assignment is that a previous
study reported strong ν(CH) peaks at ∼2950 cm−1,32 which
are not observed in the spectra in Figure 7.
The second possible assignment for the peak at 1452−1456

cm−1 is the chelating acetate binding through both O atoms to
a single Ni atom in Figure 10c with the calculated νs(OCO)
vibration at 1457 cm−1. This assignment is consistent with a
study on Ru(0001) that reported a similar peak for the same
chelating acetate at 1450 cm−1. Furthermore, a similar peak
was observed on Ni(111).33 The argument against the
chelating acetate assignment is that our calculations suggest
high instability of this structure. It readily converts to a much
more stable bridge-bonded bidentate acetate in Figure 8b and
can be stable only on single Ni atoms surrounded by strongly
bound adsorbates, such as atomic oxygen (Figure 10c).
Importantly, however, both assignments require significant

decomposition of the initial bridge-bonded bidentate acetate.
A large fraction of the initial acetate needs to decompose to
form vinylidene or to form strongly bound O or CO surface
species to force the remaining acetate to convert from the
bridge-bonded bidentate to the chelating configuration. There
is no evidence of such significant decomposition with the
formation of desorbed or adsorbed products based on the TPD
or IR results. Specifically, no major desorption of decom-
position products is observed at 200−350 K in the TPD results
in Figures 3−5. Similarly, there is no evidence of significant
decomposition with the formation of surface products in the
IR spectra at 350 K in Figure 7. There are only two small peaks
at 1876 and 2010 cm−1 in the high-coverage spectrum in
Figure 7a due to CO adsorbed on, respectively, bridge and
atop sites,21 indicating very limited decomposition. The
corresponding peak at 1900 cm−1 for atop-bonded CO in
the low-coverage spectrum in Figure 7b is higher in intensity,
but it also does not indicate a significant extent of acetate
decomposition. Since no major desorption or adsorbed
decomposition products are detected, most acetate species
must remain on the surface at 350 K, and it is likely that the
surface itself undergoes a transformation, causing a change in
the initial acetate species.
A study of acetic acid on Ni(110) with scanning tunneling

microscopy (STM), LEED, TPD, and X-ray photoelectron
spectroscopy (XPS) determined such a surface restructuring
after annealing to 360 K.9 The initial c(2 × 2) acetate domain
formed after adsorption at 303 K restructured to domains of a
p(8 × 1)-acetate structure with scattered Ni islands, generating
surface roughening. Therefore, the initial most stable bridge-
bonded bidentate acetate on Ni(110) in Figure 8b with the
characteristic frequency of 1421−1429 cm−1 must be trans-
forming into the acetate on the restructured rough surface with
the characteristic frequency of 1452−1456 cm−1. The extent of

the surface and acetate restructuring depends on temperature
and coverage. While the extent of restructuring is minimal at
200−210 K, it becomes major at 350 K, evidenced by the
dominance of the peak at 1452−1456 cm−1 at this temperature
in Figure 7. As can be expected, the extent of restructuring is
greater at high coverage. The ratio of the peaks at 1452−1456
cm−1 for the restructured acetate relative to the peaks at 1421−
1429 cm−1 for the original acetate is higher at the high
coverage in Figure 7a and, correspondingly, lower at the low
coverage in Figure 7b.
The simultaneous desorption of H2, CO, and CO2 at 425 K

in Figure 4 demonstrates that surface acetates and all other
remaining hydrocarbon species decompose simultaneously at
this temperature with the breaking of C−O, C−C, and C−H
bonds. Notably, CO2 desorption provides further evidence that
acetate species, rather than structures with a higher extent of
decomposition, such as C−CH2, are reacting at 425 K. The
evolution of H2, CO, and CO2 is not limited by desorption but
by surface decomposition reactions and occurs within a narrow
temperature range. Above 425 K, only surface carbon remains
on the surface. Such a rapid simultaneous decomposition of all
surface species when only residual carbon stays on the surface,
sometimes called a “surface explosion”, is not a unique
phenomenon for acetic acid on Ni. Similar decomposition
profiles were reported for formic acid on Ni(110)8,9 and for
acetic acid on Pd(110),34−36 Rh(111),37 and Rh(110).38−40

Out of multiple proposed explanations, the simplest one is that
the decomposition is “autocatalytic”, meaning that reaction
products, for example, clean metal surface sites generated after
desorption, further catalyze the decomposition of the
remaining surface species. In this sense, it is simply a catalytic
decomposition process.

5. CONCLUSIONS
Below the monolayer saturation coverage of 0.36 ML on
Ni(110) at 90 K, acetic acid adsorbs mostly molecularly by
binding through the O atom of the carbonyl (CO) group to
a single Ni atom in a μ1η

1(O) configuration. The unique
spectroscopic characteristic of molecularly adsorbed acetic acid
is that the ν(CO) vibration shifts to a lower wavenumber,
while all other frequencies remain similar to those for a gas-
phase monomer. Above the monolayer saturation coverage, a
physisorbed layer is formed with dimers and catemers, chains
of more than two hydrogen-bonded acetic acid molecules. No
monomers are detected in the physisorbed layer, which has
vibrational frequencies similar to those of acetic acid in a
condensed state. Dimers and catemers desorb as molecular
acetic acid at 157 and 172 K, respectively.
Between 90 and 200 K, the Ni(110) surface breaks the O−

H bond in acetic acid and forms acetate species. The
desorption-limited H2 evolution is observed at 265 K.
Bridge-bonded bidentate acetate species with binding through
two O atoms to two Ni atoms in a μ2η

2(O,O) configuration are
dominant at 200 K with the characteristic νs(OCO) vibration
at 1421−1429 cm−1. However, even after the acetate
formation, acetic acid desorbs molecularly between 200 and
300 K due to recombination of the acetate and hydrogen
surface species.
Additional minor species at 200 K are likely acetyl or acetate

structures with the ν(CO) vibration at 1595−1690 cm−1.
These minor species decompose with the formation of surface
CO, and their IR peaks are no longer observed at 350 K. At
this temperature, the initial Ni(110) surface likely undergoes
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restructuring that generates surface roughening. The initial
dominant bridge-bonded bidentate acetate formed below 200
K remains on the surface, but it now mostly adsorbs on the
restructured surface with the characteristic νs(OCO) vibration
shifted to 1452−1456 cm−1. The extent of the surface and
acetate restructuring is greater at high coverage.
The concurrent desorption of H2, CO, and CO2 at 425 K

demonstrates that the surface acetate species and all other
remaining hydrocarbon species decompose simultaneously at
this temperature. The evolution of these products is not
limited by desorption but by surface decomposition reactions
and occurs within a narrow temperature range. Above 425 K,
only carbon remains on the surface, evidenced by the absence
of any IR peaks and by the AES analysis.
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