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ABSTRACT

Acetic acid adsorption and surface reactions were studied on Pt(111) and Ni(110) with infrared reflec-
tion-absorption spectroscopy (IRAS) and temperature programmed desorption as well as computation-
ally on the same well-defined single-crystal surfaces with density functional theory calculations.
Additional calculations were performed for Ni(111) for comparison with Pt(111). At high acetic acid
exposures at the dosing temperature of 90 K, acetic acid forms a chemisorbed layer covered by a physi-
sorbed multilayer. The chemisorbed layer at 90 K for both Pt and Ni contains a mixture of molecularly
adsorbed acetic acid as well as acetate. The physisorbed multilayer desorbs at 157-172 K. At 200 K, while
a mixture of molecular acetic acid and acetate remains on Pt(111), acetic acid almost completely decom-
poses into acetate and, furthermore, produces some CO on Ni(110). Due to the almost complete decom-
position of acetic acid on Ni at 200 K, only a small fraction of the chemisorbed acetic acid desorbs
molecularly at 220 K. Unlike on Ni(110), most of the chemisorbed acetic acid desorbs molecularly from
Pt(111) at a similar temperature of 218 K. Recombinative desorption of acetic acid is observed as a broad
peak at 345 K for Pt(111) and as a tail peak at 220-300 K for Ni(110). At 450 K, the decomposition of
acetic acid is almost complete on both metals. In contrast with acetic acid surface reactions where Ni
is equally or even more reactive than Pt, a 1.5 wt % Ni/SiO, catalyst is less active than a 5 wt % Pt/SiO,
catalyst in vapor-phase acetic acid hydrodeoxygenation at 473 and 573 K. Hydrogen temperature pro-
grammed reduction measurements for calcined catalysts show that Ni requires a higher temperature
of 622 K for its reduction than 564 K for Pt. Therefore, the lower catalytic activity of Ni in hydrodeoxy-
genation can be attributed to the lower reducibility of Ni and not the differences in acetic acid adsorption
or surface reactions.

© 2023 Elsevier Inc. All rights reserved.

1. Introduction

spectroscopy (IRAS) and temperature programmed desorption
(TPD) as well as computationally on the same well-defined metal

Pt and Ni catalysts are actively studied and often used as bench-
marks in the development of improved technologies for the con-
version of biomass-derived feedstocks into fuels and chemical
intermediates, specifically for hydrodeoxygenation and steam
reforming of bio-oils [1-5]. Since acetic acid is a component of
bio-oils as well as a widely used model compound, it is important
to better understand its adsorption and reactivity on Pt and Ni cat-
alytic surfaces at the molecular level [3-7]. In this work, adsorption
and surface chemistry of acetic acid on single-crystals of Pt and Ni
were studied experimentally with infrared reflection-absorption
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surfaces with density functional theory (DFT) calculations. In addi-
tion, silica-supported Pt and Ni catalysts were compared in vapor-
phase acetic acid hydrodeoxygenation in a fixed-bed flow reactor
as well as characterized with transmission electron microscopy
(TEM), hydrogen temperature programmed desorption (H, TPD)
and hydrogen temperature programmed reduction (H, TPR)
measurements.

For Pt, acetic acid adsorption and reactions as a function of sur-
face coverage and temperature were previously studied on Pt(111)
with electron energy loss spectroscopy (EELS) [8], high resolution
electron energy loss spectroscopy (HREELS) combined with TPD
[9,10] and synchrotron radiation photoelectron spectroscopy
(SRPES) combined with TPD [11] as well as on Pt/SiO, and
Pt/TiO, with diffuse reflectance infrared Fourier transform
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spectroscopy (DRIFTS) combined with TPD [12]. In those spectro-
scopic studies, there were some uncertainties and disagreements
in the hydrocarbon surface species proposed based on the experi-
mental vibrational frequencies. In this work, experimental IRAS
and TPD measurements were combined with DFT geometry opti-
mization and frequency calculations for the determination of the
structure, energetic stability and vibrational frequencies of the
hydrocarbon surface species on Pt(111). Our previous study with
IRAS and TPD measurements combined with DFT calculations did
the same for Ni(110) [13]. For a better comparison between Pt
and Ni, additional DFT calculations were performed in this work
on Ni(111) to match the calculations on Pt(111) in terms of the
metal crystal plane, hydrocarbon surface coverage and computa-
tional settings.

In addition to obtaining an improved understanding of acetic
acid adsorption and surface reactions, it is useful to compare Pt
and Ni at the same reaction conditions and explain why Ni cata-
lysts are typically less active than Pt catalysts in acetic acid
hydrodeoxygenation. It was previously proposed that the rate
determining step for acetic acid decomposition on Pt and Ni might
be different or, if the rate determining step was the same, its acti-
vation energy on Pt might be lower or, perhaps, that the hydrogen-
assisted C-O bond breaking might be more efficient on Pt than on
Ni. In contradiction with those proposed explanations, our previ-
ous study showed that Ni catalyzes decomposition of adsorbed
acetic acid in surface science experiments at temperatures well
below typical hydrodeoxygenation reaction temperatures [13].
Therefore, the overall hydrodeoxygenation activity is unlikely to
be limited by the hydrocarbon surface reactions on Ni. Instead, it
is more likely to be limited by the reducibility of the Ni surface.
Acetic acid decomposition can proceed efficiently on Ni only once,
as in surface science experiments, if surface oxygen produced in
the decomposition cannot be easily removed with gas-phase H,
under the reaction conditions to regenerate the metal surface
and, thus, complete the catalytic cycle. In this work, this alternative
explanation was evaluated by performing acetic acid hydrodeoxy-
genation reaction testing with reduced Pt and Ni catalysts and H,
TPR measurements with oxidized Pt and Ni catalysts.

2. Methods
2.1. Catalyst preparation

5 wt % Pt/SiO, and 1.5 wt % Ni/SiO, catalysts (equivalent molar
metal loadings) were prepared with an incipient wetness impreg-
nation method using tetraammineplatinum(Il) nitrate, Pt(NHs),
(NO3), (Sigma-Aldrich, 99.995% trace metals basis), and nickel(II)
nitrate hexahydrate, Ni(NOs3),-6H,0 (Sigma-Aldrich, 99.999% trace
metals basis). Prior to metal deposition, the SiO, support (Cabot
CAB-O-SIL HS-5 fumed silica) was dried by increasing the temper-
ature at 1 K/min to 393 K and holding at this temperature for 2 h.
After drying, the SiO, support was calcined by increasing the tem-
perature at 5 K/min to 723 K and holding for 2 h. After metal depo-
sition, the samples were dried by increasing the temperature at
1 K/min to 323 K and holding for 4 h followed by increasing the
temperature at 1 K/min to 393 K and holding for 2 h. Afterwards,
the samples were calcined in static air by increasing the tempera-
ture at 5 K/min to 723 K and holding for 2 h. The same 5 wt % Pt/
SiO, catalyst was used in our previous studies on acetic acid
hydrodeoxygenation over Pt and Pt-Mo [4,5]. The same 1.5 wt %
Ni/SiO, catalyst was used in our previous study on propylene
adsorption and propane dehydrogenation to propylene over Ni
and Ni-Sn [14]. Similar synthesis methods were previously used
for the preparation of other supported metal catalysts [15-21].

Journal of Catalysis 418 (2023) 190-202

Prior to TEM measurements, the calcined catalyst samples were
reduced in a Micromeritics AutoChem HP 2950 reactor system
equipped with a furnace, three mass flow controllers and a thermal
conductivity detector (TCD). The reactor system with a catalyst
was first purged with an Ar (Praxair, ultrahigh purity 99.999%) flow
for 30 min. The catalysts were then dried in a flow of 20 mol % H,
(Praxair, ultrahigh purity, 99.999%) in Ar by increasing the temper-
ature at 1 K/min to 383 K and holding for 1 h. After drying, the cat-
alysts were reduced by increasing the temperature at 5 K/min to
573 K with a 4-h hold for Pt and to a higher temperature of
723 K with a shorter 2-h hold for Ni. After reduction, the catalysts
were cooled to 303 K in an Ar flow. TEM images were obtained
with a FEI Titan Themis 200 instrument at an acceleration voltage
of 200 kV. Representative TEM images are shown in Fig. 1. The
average metal particle sizes of 3 nm for Pt and 20 nm for Ni were
determined by analyzing multiple TEM images with Image] 1.52
software by the National Institutes of Health. These metal particle
sizes are consistent with the metal dispersion values of 34% for Pt
and 26% for Ni obtained with the H, TPD measurements described
below.

2.2. Catalyst characterization with H, TPD and H, TPR

The metal dispersion values for the 5 wt % Pt/SiO, and 1.5 wt %
Ni/SiO, catalysts were evaluated with H, TPD using the same
Micromeritics AutoChem HP 2950 reactor flow system, which
was used for catalyst reduction prior to the TEM measurements.
In a TPD experiment, about 0.15 g of a calcined sample was loaded
into a U-shaped quartz reactor and secured with quartz wool (Alta-
mira Instruments, Inc.). The reduction procedure was the same as
that prior to the TEM measurements. First, the reactor system with
the sample was purged with a 50 sccm Ar flow for 30 min. The gas
flow was then switched to 20% H,/Ar with the same total flow rate,
and the temperature was increased at 1 K/min to 383 K and held
for 1 h. Afterwards, the temperature was increased at 5 K/min to
573 K with a 4-h hold for Pt and to 723 K with a 2-h hold for Ni.
Finally, the temperature was lowered to 303 K in the same flow
of 20% Hy/Ar for H, adsorption. Subsequently, the flow was
switched to 50 sccm Ar for at least 30 min to remove physisorbed
H,, purge the system and obtain a stable TCD baseline for 10 min.
Desorption was performed by increasing the temperature at 10
K/min to 573 K when all H, desorbed. The metal dispersion values
were calculated using the integral area of the TCD H, desorption
peak, assuming the adsorbed H to surface metal atomic ratio of
unity.

H, TPR measurements were performed similarly to the H, TPD
measurements using the same Micromeritics AutoChem HP 2950
reactor flow system, except calcined catalysts were used without
a reduction pretreatment. In a TPR experiment, about 0.15 g of a
calcined sample was loaded into a U-shaped quartz reactor and
secured with quartz wool. A 50 sccm Ar flow for 30 min was used
to purge the system. The flow was then switched to 20 mol % H,/Ar

100 nm

Fig. 1. TEM images of (a) 5 wt % Pt/SiO, and (b) 1.5 wt % Ni/SiO,.
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with the same total flow rate. After a stable baseline was observed
for 10 min, the temperature was increased at 10 K/min, and the
effluent was analyzed for water formation using a Hiden Analytical
HPR 20 mass spectrometer by monitoring the mass-to-charge ratio
(m/z) of 18.

2.3. Acetic acid hydrodeoxygenation reaction testing

Reaction testing was performed in vapor phase in a fixed-bed
flow reactor previously used for acetic acid hydrodeoxygenation
over Pt and Pt-Mo catalysts [4,5] and for selective ethanol oxida-
tion over zeolite-supported Au catalysts [15]. In each test, about
0.1 g of an undiluted fresh catalyst sample was loaded into a 316
stainless steel tubular reactor with a 0.25-in outside diameter,
0.18-in inside diameter and 2.5-in length. Each end of the reactor
was fitted with a metal cloth filter (200 x 1150 mesh, Hastelloy
C Filter Cloth). The reactor was placed inside a Mellen Microtherm
MTSC 12.5R-3X6-1Z vertical-split tube furnace equipped with
three temperature zones for accurate temperature monitoring
and control (Omega CN7800 temperature controller). Gas flows
of N, (Praxair, ultrahigh purity, 99.999%) and H, were controlled
with Bronkhorst EL-Flow Select mass flow controllers. The reactor
outlet pressure was atmospheric.

Prior to reaction testing, the catalysts were dried and reduced
in situ at 573 K for Pt and 723 K for Ni using the same procedure
used prior to the TEM and H, TPD measurements. After reduction,
the temperature was decreased to the reaction testing temperature
under a 50 sccm N, flow. During reaction testing, a gas feed of
40 mol % Hy/N, with a total flow rate of 100 sccm was used. After
the temperature stabilized at a desired value, a flow of liquid acetic
acid, CH3COOH (Sigma-Aldrich, Reagent Plus, >99%), was started at
0.03 mL/min and mixed with the gas flow as vapor in a T-joint
(Swagelok) preheater kept at 423 K. All reactants (11 kPa acetic
acid and 36 kPa H, in N;) were fed into the preheater through sep-
arate check valves to prevent backflow. The acetic acid flow rate
was controlled by a Scientific System Series III high-performance
liquid chromatography (HPLC) pump. The moment of acetic acid
introduction was taken as the start of the time on stream.

The feed flow rate was chosen to limit acetic acid conversion to
values below 7% for both Pt and Ni catalysts at all testing conditions
so that a differential reactor model could be used in the analysis of
the kinetic measurements. Similar to our previous reaction rate
measurements for acetic acid hydrodeoxygenation over Pt and Pt-
Mo catalysts [4,5], acetic acid reaction rates are reported as turnover
frequency (TOF) values for stabilized activity after 2 h of time on
stream. In this study, the reaction rates are reported as an average
of values obtained between 2 and 4 h of time on stream. The confi-
dence interval for each reported rate measurement was obtained
based on at least three independent runs, each with a fresh catalyst
sample. The TOF values (moles of acetic acid per mole of surface
metal per second) were calculated using the metal dispersion values
of 34% for Pt and 26% for Ni obtained with the H, TPD measurements.
In addition, the reaction rates are also provided without adjusting for
the metal dispersion as moles of acetic acid per gram of catalyst per
second (molcuscoon/(Eeatalyst S)) and as moles of acetic acid per mole
of total metal per second (molcyzcoon/(MOlpetar S)).

Reaction products were analyzed with online sampling using a
Varian-450 gas chromatograph (GC) equipped with three columns,
three rotary valves (VICI AG International) and a split/splitless
injector. The sampling line from the reactor to the GC was heat
traced and kept at 423 K (rope heater Omega FGR100, solid state
relay Omega SSLR240DC10 and PID controller Omega CN7823). A
GC analysis began by filling two 1/16-in stainless steel sample
loops (Valco Sample Loop 250 and 1000 pL). The sample from
the 250-pL loop was separated using a HayeSep Q 80/100 (6 ft x
1/16 in) column and a Molecular Sieve 5A 60/80 (4 ft x 1/16 in)
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column and analyzed for concentrations of Hy, N, CO and CO, with
a TCD using Ar as the carrier and reference gas. The valve timing
and rotation were set in such a way that CO, was not fed to the
Molecular Sieve 5A column. The sample from the 1000-pL loop
was separated using a CP8690 capillary column (CP-Sil 5CB,
5 um, 60 m x 0.32 mm) and analyzed for determining concentra-
tions of all hydrocarbons with a flame ionization detector (FID)
using He as the carrier gas and a H, flow for the flame. The TCD
was calibrated with reference mixtures of gases in Ar. The FID
was calibrated with reference mixtures of acetic acid and its reac-
tion products. Reaction selectivities are reported for carbon-
containing products.

The same equipment and procedures were used previously for
studying acetic acid hydrodeoxygenation over Pt and Pt-Mo cata-
lysts [4,5].

2.4. TPD and IRAS of acetic acid on Pt(111) and Ni(110)

The Pt(111) and Ni(110) crystals (8 mm square, +0.5° orienta-
tion) were cleaned by sputtering with 1.5 keV Ar* ions and anneal-
ing at 1100 K. To eliminate residual carbon, the surface was
annealed in oxygen, P(0;) = 4 x 1078 Torr, at 1000 K. Hydrogen
treatments at P(H,) = 4 x 10~ Torr at 1000 K were used to elimi-
nate residual oxygen. The surface cleanliness was checked with
Auger electron spectroscopy (AES), and the surface order and peri-
odicity were verified with the low-energy electron diffraction
(LEED) patterns.

TPD experiments were performed in a three-level stainless steel
ultrahigh-vacuum (UHV) chamber (2 x 107'° 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
1 mm from the sample. The heating rate was 3 K/s. Custom soft-
ware 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 mercury-cadmium-telluride
detector cooled with liquid nitrogen. Spectra were obtained with
a resolution of 2 cm™~! by averaging 512 scans over 5 min by first
dosing acetic acid at 90 K, annealing to a desired temperature
and then cooling back to 90 K for spectra collection. 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 resid-
ual carbon on the surface, the crystals were annealed in oxygen
and then in vacuum at 1100 K to remove residual carbon from
the surface before each TPD and IRAS experiment. The same equip-
ment and experimental procedures were used previously for
studying acetic acid adsorption and reactions on Ni(110) [13].

2.5. Computational methods

Gradient-corrected spin-polarized periodic DFT calculations
with the DMol® code in Materials Studio 2017 by Dassault
Systémes BIOVIA Corporation were performed for determining
geometries and adsorption energies of molecularly adsorbed acetic
acid and its reaction products on infinite Pt(111) and Ni(111) sur-
faces constructed by using periodic unit cells. In addition, vibra-
tional frequencies for acetic acid, acetate and acetyl adsorbed on
Pt(111) were calculated for interpretation of the experimental IRAS
spectra. Each unit cell had 3 x3 surface metal atoms with 5 layers
for a total of 3x3x5 =45 metal atoms. The unit cells with molec-
ularly adsorbed acetic acid are shown in Fig. 2. The surface cover-
age was 1/9 ML: one acetic acid molecule on the surface with 3x3
metal atoms. The unit cells were generated from the corresponding
bulk crystal using the optimized lattice constants of 0.3995 nm for
Pt (within 1.8% of the 0.3924 nm experimental value) and
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a. Pt(111) b. Ni(111)

Fig. 2. Molecular acetic acid adsorbed on 3x3x5 periodic unit cells used to
construct infinite surfaces of (a) Pt(111) and (b) Ni(111) for density functional
theory calculations.

0.3541 nm for Ni (within 0.5% of the 0.3524 nm experimental
value). A vacuum spacing of 4 nm in the c direction was used.
The top three layers of the surfaces were optimized with adsor-
bates during geometry optimizations, simulating surface relax-
ation after adsorption. The remaining two bottom layers were
constrained at the bulk 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 PW91) functional. Tightly bound core electrons of Pt
and Ni were represented with semicore pseudopotentials.
Reciprocal-space integration over the Brillouin zone was approxi-
mated through k-point sampling with a separation of 0.4 nm™'
using the Monkhorst-Pack grids of 3x3x1 for Pt and 4x4x1 for
Ni. A value of 0.08 for both charge and spin density mixing with
direct inversion in the iterative subspace (DIIS) and orbital occu-
pancy with thermal smearing of 0.002 Ha were used. The formal
spin for the Ni atoms was initially set to +2 to improve conver-
gence. 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 other metal surfaces. [17,21-29].

Adsorption energies were calculated at 0 K without zero-point
energy corrections using as a reference the sum of energies for
the corresponding metal surface and an isolated acetic acid mole-
cule calculated separately. Adsorption energies are reported as
positive numbers, —AE.q4s. Frequency calculations were performed
using a partial Hessian matrix for adsorbed hydrocarbon struc-
tures. All vibrational frequencies for all adsorbed hydrocarbon
structures on Pt(111) were scaled by a single factor of 1.0524,
which was obtained by matching the experimental frequency of
1425 cm™! to the v4(OCO) vibration of the bridge-bonded acetate
bidentate structure on this Pt surface. For comparison, the fre-
quency scaling factor for Ni(110) in our previous study was
1.0235, which was similarly obtained by matching the experimen-
tal frequency of 1429 cm™! to the v4(OCO) vibration of the bridge-
bonded acetate bidentate structure on this Ni surface [13].
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Fig. 3. Acetic acid reaction rates for 5 wt % Pt/SiO, and 1.5 wt % Ni/SiO, for gas-
phase hydrodeoxygenation in a fixed-bed flow reactor at 11 kPa acetic acid and
36 kPa hydrogen (balance nitrogen) at atmospheric pressure.

3. Results
3.1. Acetic acid hydrodeoxygenation over Pt/SiO, and Ni/SiO,

At 473 K, acetic acid reaction rates were 0.015 + 0.001 1/s (1.5%
conversion, 1.3 + 0.1 x 107 molcuscoon/(Eeatalyst ), 0.0052 + 0.00
05 molcuscoon/(MOlpeta S)) for 5 wt % Pt/SiO, and 0.005 + 0.001
1/s (0.4% conversion, 0.35 + 0.05 x 107° molcuscoon/(Eeatalyst S)
0.0014 £ 0.0002 mO]CH3COOH/(m01meta] S)) for 1.5 wt % Nl/5102 At
573 K, the reaction rates increased to 0.067 + 0.002 1/s (6.7% con-
version, 5.9 + 0.2 x 10°° molcuscoon/(Eeatalyst S)» 0.0229 + 0.0008
molchzcoon/(MOlmetar S)) for Pt and 0.052 + 0.002 1/s (4.0% conver-
sion, 3.5 + 0.2 x 1076 mOlCcho(_)H/(gcata]yst S), 0.0136 + 0.0006
molcuzcoon/(MOlmera S)) for Ni (Fig. 3). Product selectivities are
summarized in Table 1. At 473 K, the main products for Pt were
undesirable C; products: carbon monoxide (CO) and methane
(CH4) accounted for 82%. The largest desirable C, product was
ethane (C;Hg) at 11%. The second largest C, product was ethanol
(CHsOH) at 5%. The amount of acetaldehyde (CH;CHO) was small,
1%. In contrast with Pt, Ni was less active but more selective to C,
products at this temperature. Carbon monoxide was not observed,
and C; hydrocarbons, methane and methanol (CH30H), accounted
for 34%, while C, hydrocarbons accounted for 36%. In addition, a C4
hydrocarbon ethyl acetate (CH3COOC,Hs) accounted for 30% for Ni,
whereas it was only 1% for Pt. At a higher temperature of 573 K,
both catalysts were less selective to C, products. Only 9% ethanol
was observed for Pt, while acetaldehyde, ethanol and ethane were
each 1% for a total of only 3% for Ni. The C, selectivity decrease was,
thus, more significant for Ni. The undesirable C; products, corre-
spondingly, increased and accounted for 91% for both catalysts.
Ethyl acetate decreased to 6% for Ni, and it was no longer detected
for Pt.
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Table 1
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Selectivities for carbon-containing products in acetic acid hydrodeoxygenation at 11 kPa acetic acid and 36 kPa hydrogen for 5 wt % Pt/SiO, and 1.5 wt % Ni/SiO,, mol %.
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Fig. 4. Hydrogen temperature programmed reduction curves for 5 wt % Pt/SiO, and
1.5 wt % Ni/SiO; catalysts.

3.2. TPR of Pt/SiO; and Ni/SiO,

In H, TPR measurements, a calcined 5 wt % Pt/SiO, sample pro-
duced a small broad peak for water at about 564 K. In contrast, a
calcined 1.5 wt % Ni/SiO, sample produced a more well-defined
bigger peak at a higher temperature of 622 K (Fig. 4).

3.3. IRAS of acetic acid on Pt(111) and Ni(110)

The IRAS spectra after dosing acetic acid at 90 K and then
annealing to multiple higher temperatures are shown in Fig. 5.
For Pt, at the dosing temperature of 90 K, the following peaks were
observed: 968, 1049, 1304, 1364, 1412, 1435, 1676, 1730, 2930 and
2987 cm~!. At higher temperatures, fewer peaks with lower inten-
sities were observed. At 193 K, only peaks at 968, 1049, 1406, 1425
and 1676 cm~! were observed. A new small peak appeared at
1703 cm~!'. At 250 K, the intensity of the peak at 1406 cm™!
decreased, and the peak at 1425 cm™~! was no longer observed.
Instead, new peaks appeared at 1595 and 2085 cm™'. Moreover,
the peak at 968 cm~! was no longer observed and, instead, a smal-
ler 974 cm™' peak at a neighboring position appeared. This new
peak remained practically unchanged at higher temperatures. At
440 K, the intensity of the 2085 cm™! peak increased further, and
two new peaks at 1878 and 2062 cm~! appeared. The peaks at

194

1406 and 1595 cm~! were no longer observed. At the highest
tested temperature of 770 K, only two peaks remained: the mostly
unchanged peak at 974 cm~! and a small peak at 2085 cm ™.

IRAS measurements for Ni after initial acetic acid coverage val-
ues of 0.18 and 2.9 ML as a function of annealing temperature were
reported previously [13]. In that previous study, acetic acid expo-
sure values in Langmuir units (L) were converted into monolayer
(ML) units. In this work, the measurements at 2.9 ML (0.14 L) are
included in Fig. 5b for comparison with the measurements for Pt
at a similar exposure of 0.15 L in Fig. 5a. An additional spectrum
for Ni at 450 K, which was not reported previously, is included
for comparison with the spectrum for Pt at a similar temperature
of 440 K. At the dosing temperature of 90 K, the following peaks
were observed for Ni: 964, 1055, 1311, 1421, 1456, 1628, 1690,
1730, 2931 and 2989 cm~!. Similarly to Pt, fewer peaks were
observed at higher temperatures for Ni. At 200 K, only peaks at
1055, 1421, 1456, 1628, 1690 and 2931 cm~! remained, plus a
new peak at 1832 cm~! appeared. At 350 K, the peaks at 1055,
1421, 1456 and 2931 cm™' remained. The 1456 cm™! peak
increased in intensity. Instead of a small peak at 1832 cm™ !, two
similarly small peaks at 1876 and 2010 cm™! appeared. At 450 K,
only three peaks were observed: the intensity of the 1456 cm™!
peak decreased significantly, a small peak remained at
1055 cm™!, and a new peak at 974 cm™! appeared.

3.4. TPD of acetic acid from Pt(111) and Ni(110)

The TPD curves for 60 amu, the parent mass of acetic acid, after
acetic acid adsorption on Pt(111) and Ni(110) at multiple expo-
sures at 90 K are compared in Fig. 6. For Pt, at the lowest exposure
of 0.01 L, a small broad peak was observed at about 218 K (Fig. 6a).
At a higher exposure of 0.02 L, this broad peak became more well-
defined, and a new smaller peak at 166 K appeared. At higher expo-
sures of 0.04-0.08 L, the intensities of these two peaks increased,
with the peak at 215-218 K remaining dominant. At the highest
used exposure of 0.08 L, an additional peak appeared at about
345 K. This third peak was small and broad.

For Ni, at the lowest exposure of 0.02 L, a small broad peak at
about 220 K was observed (Fig. 6b). At 0.04 L, this peak increased
but remained broad with a tail extending to 300 K. In addition, a
new peak at 157 K appeared. At higher exposures of 0.06-0.08 L,
the intensities of these two peaks increased, and a smaller shoulder
feature was observed at 175 K. Unlike for Pt, there was no addi-
tional peak above 300 K. The TPD results for Ni in this study have
acetic acid exposure values similar to those for Pt. Our TPD results
for Ni in a wider range of exposures, which correspond to acetic
acid coverage values from 0.12 to 7.3 ML, were reported previously
[13].

The acetic acid TPD curves at a single acetic acid exposure -
0.08 L for Pt and 0.14 L for Ni - are compared to the TPD curves
of accompanying decomposition products H, (2 amu), H,O (18
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Fig. 5. IRAS spectra as a function of annealing temperature for acetic acid on (a) Pt(111) after exposure of 0.15 L and (b) Ni(110) after exposure of 0.14 L.
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Fig. 6. Acetic acid (m/z = 60) TPD curves for (a) Pt(111) and (b) Ni(110) after multiple exposures at 90 K.

amu), CO (28 amu) and CO, (44 amu) in Fig. 7. The CO curves
were not corrected for the CO*" cracking product from CO,. For
Pt, the acetic acid desorption peaks are larger than the peaks
for each of the monitored decomposition products (Fig. 7a). For
Ni, in contrast, the acetic acid desorption peaks are smaller than
the peaks of each of the monitored decomposition products,
except H,O (Fig. 7b). For Pt, H, desorption was observed first

at 357 K and then as a small peak at a higher temperature of
451 K. No identifiable peaks were detected for H,O. A small
CO, peak at 388 K was followed by a larger CO peak at 444 K.
For Ni, H, desorption was observed first at 265 K and then as
a larger peak at a higher temperature of 425 K. This second H,
peak coincided with CO and CO, desorption. A small H,O peak
was observed at a lower temperature of 310 K.
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Fig. 7. TPD curves for acetic acid and its decomposition products for (a) Pt(111) after 0.08 L exposure at 90 K and (b) Ni(110) after 0.14 L exposure at 100 K.

3.5. DFT calculations

The calculated vibrational frequencies for an isolated acetic acid
molecule are listed in Table 2 with our assignments made based on
visualization of the vibrational modes. Experimental peaks
observed with infrared (IR) spectroscopy for acetic acid monomer
in the gas phase reported in our previous study [13] and in an ear-
lier publication by the U.S. National Bureau of Standards [30] are
included in Table 2 for comparison.

The vibrational assignments made for acetic acid monomer
were extended to the interpretation of acetic acid in a physisorbed
multilayer, which is expected to form above a chemisorbed mono-
layer at the dosing temperature of 90 K at the acetic acid exposure
values employed for collecting the IRAS spectra in Fig. 5. The IRAS
peaks at 90 K that are consistent with such a physisorbed multi-
layer for both Pt and Ni are listed in Table 3. For comparison,
Table 3 includes experimental IR peaks for acetic acid in other con-
densed states: gas phase at 298 K reported in our previous study
[13] as well as liquid and solid reported in earlier publications
[33,34].

Table 2
Calculated vibrational frequencies and experimental IR peaks for acetic acid

monomer, cm ™.

Adsorption of acetic acid (CH3COOH) and its products after
breaking the O—H bond - acetate plus a hydrogen atom (CHs-
COO + H) - and after breaking the C—OH bond - acetyl plus a
hydroxyl group (CH3CO + OH) - on Pt(111) and Ni(111) were com-
pared in this study with identical computational settings. Our pre-
vious studies evaluated the same surface species on Pt(111) and Ni
(110) with different computational settings. The current and previ-
ous computational settings are compared in Table 4, and the calcu-
lated adsorption energies relative to gas-phase acetic acid are
listed in Table 5.

On both Pt(111) and Ni(111), molecular acetic acid (CH;COOH)
preferentially adsorbs through its carbonyl oxygen to a single
metal atom (p;m'(0) configuration) with the calculated Pt—O
and Ni—O bond distances of 0.22 and 0.20 nm, respectively. The
structures are shown with a 3-D view in Fig. 2 and with projection
views in Fig. 8a. The calculated adsorption energies were 88 kj/mol
for Pt and 50 kJ/mol for Ni (Table 5). The C=0 double bond distance
increases slightly from 0.121 nm in gas-phase acetic acid to
0.125 nm in the adsorbed structure on both surfaces.

After breaking the O—H bond, the hydrocarbon fragment, acet-
ate (CH3COO), preferentially forms bidentate species by bonding to
two surface metal atoms (p,1%(0,0) configuration) on both sur-
faces (Fig. 8b) with the calculated Pt-O and Ni-O bond distances
of 0.21 and 0.20 nm, respectively. A hydrogen atom preferentially
adsorbs on a threefold metal site on both surfaces. The calculated
dissociative adsorption energies relative to gas-phase acetic acid
were 91 kJ/mol for Pt and 124 k]/mol for Ni (Table 5).

Vibration® Calculated monomer  Experimental vapor Experimental
(this work) at 403 K [13] vapor [30]
v(OH) 672 not observed® not reported®
v(CC) 838 not observed® 847
v(C-0) 1164 1183 1182
b(OH) 1308 1272 1264
8s(CH3) 1363 1385 1382
V(C=0) 1775 1778, 1797¢ 1788
V(OH) 3656 3567, 3582, 3595 3583

¢ v - out-of-plane bend, v - stretch, b - in-plane bend, § - deformation, s -
symmetric.

b peaks below 900 cm ™! were not observed due to the transparency limit of the
CaF; IR cell windows.

¢ Reported at 650 cm~! in a different publication [31].

4 The presence of an additional peak is due to acetic acid rotamers [32].
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After breaking the C—OH bond, the hydrocarbon fragment,
acetyl (CH3CO), preferentially binds to a single Pt atom (atop site)
through the C atom that lost the hydroxyl (p;1'(C) configuration),
and the split-off hydroxyl preferentially binds to a single Pt atom
(Fig. 8c). The calculated Pt-O bond distance was 0.301 nm. The cal-
culated dissociative adsorption energies relative to gas-phase
acetic acid was 39 kJ/mol (Table 5). On Ni, acetyl in the same
N '(C) configuration has similar dissociative adsorption energy
of 35 kJ/mol. However, it is energetically preferable by 16 kj/mol
for acetyl to form an additional bond between the remaining O
atom and another Ni atom, binding to a bridge Ni-Ni site
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Table 3

Experimental IR peaks for acetic acid in a condensed state, cm™'.

Journal of Catalysis 418 (2023) 190-202

Vibration® Multilayer Pt(111), 90 K (this Multilayer Ni(110), 90 K (this Experimental vapor, 298 K Experimental liquid Experimental solid
work) work) [13] [33] [34]

Y(OH) 968 964 948 944 923
V(C-0) 1304 1311 1294 1294 1284
v(C=0) 1730 1730 1734 1739 1648
V(OH) 2987 2989 3030 2990 2875
V(CH) 2930 2931 2960 3030 -
¢ v - out-of-plane bend, v - stretch.

Table 4

Computational settings used in this work and previous studies.
Surface Pt(111) Pt(111) Ni(111) Ni(110)
Unit cell 3x3x5 3x3x5 3x3x5 2x4x5
DFT functional GGA-PBE [4,5] GGA-PW91 GGA-PW91 GGA-PW91 [13]

(this work) (this work)

basis set DNP DNP DNP DNP

optimized metal lattice
constant, nm

0.3973 (1.2% higher than the
experimental value)

0.3995 (1.8% higher than the
experimental value)

0.3541 (0.5% higher than the
experimental value)

0.3541 (0.5% higher than the

experimental value)

vacuum spacing 4 4 4 3
k-point separation, nm™! 0.4 0.4 0.4 0.4
Monkhorst-Pack grid 3x3x1 3x3x1 4x4x1 4x2x1
charge and spin density 0.2 0.08 0.08 0.08
mixing
thermal smearing, Ha 0.002 0.002 0.002 0.002
orbital cutoff distance, 0.45 04 0.4 0.4
nm
dispersion correction Tkatchenko-Scheffler sz = 0.94 no no no
dipole slab correction yes no no no
Table 5
Calculated energies for acetic acid and its decomposition products on Pt and Ni surfaces relative to gas-phase acetic acid, —AE, kJ/mol.
Surface Pt(111) Pt(111) Ni(111) Ni(110)
Unit cell 3x3x5 3x3x5 3x3x5 2x4x5
DFT functional GGA-PBE [4,5] GGA-PW91 GGA-PW91 GGA-PWI1 [13]
this work this work
CH5COOH 92 88 50 77
CH5COO + H 83 91 124 172
CH3CO (pon?(C, 0)) + OH Unstable, converts to j1;1m(C) Unstable, converts to p1;1n'(C) 51 131
CH3CO (1yn'(C)) + OH 45 39 35 111
CH3C+ 0+ OH -57 -57 90 Not evaluated
CH3 + CO + OH 79 61 73 Not evaluated
a € ptain Ni(111)

Pt(111)

Ni(111)

Fig. 8. Structures obtained with DFT calculations for adsorption of (a) molecular acetic acid (CH3COOH), (b) acetate and atomic hydrogen (CH3COO + H) and (c) acetyl and
hydroxyl (CH;CO + OH) on Pt(111) and Ni(111). Side view (upper row) and top view (lower row). Only the top layer of the metal surfaces is shown for clarity.

(12M*(C,0) configuration) (Fig. 8c). Hydroxyl on Ni preferentially
adsorbs on a threefold site. The calculated C—O bond distances

were 0.123 nm for the acetyl binding only through the C atom
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(1yM’(C) configuration) and 0.127 nm for the acetyl binding
through both C and O atoms.
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Table 6
Calculated vibrational frequencies for acetic acid, acetate and acetyl on Pt(111) shown

in Fig. 8, cm ™.

Vibration®  Acetic acid (CH3COOH)  Acetate (CH3CO0)  Acetyl (CH3CO)
v(CC) 929 981 963
p(CH3) 1062, 1083 1059, 1079 1028, 1099
v(C-0) 1449 - -
b(OH) 1252 - -
85(CH3) 1411 1412 1390
v4(0CO) - 1425 -
84(CH3) 1498, 1522 1489, 1510 1480, 1503
v,(0CO) - 1564 -
Vv(C=0) 1680 - 1781
vs(CH) 3224 3218 3186
v,(CH) 3309, 3353 3305, 3336 3273, 3305
V(OH) 2965 - -

@ v - stretch, p - rock, b - in-plane bend, § - deformation, s - symmetric, a -

asymmetric.

Frequency calculations for molecular acetic acid, acetate and
acetyl on Pt(111) shown in Fig. 8 were performed for the interpre-
tation of the IRAS measurements for acetic acid adsorption on the
same surface in Fig. 5a, and the results are provided in Table 6.

For comparing reaction energies for C—0 and C—C bond break-
ing in acetic acid decomposition on Pt(111) and Ni(111), energies
for two additional structures were calculated: (1) adsorbed ethyli-
dyne (C—CHs) with atomic oxygen and hydroxyl as well as (2)
methyl (CH3) with atomic oxygen and carbon monoxide. The ener-

a. Pt(111)

C-OH bond
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gies relative to gas-phase acetic acid were —57 kJ/mol for ethyli-
dyne on Pt (90 kJ/mol on Ni) and 61 kJ/mol for methyl on Pt
(73 KJ/mol on Ni). These values are provided in Table 5 along with
our previous results on Pt(111) with different computational set-
tings listed in Table 4. The reaction energies for C—0 and C—C bond
breaking in acetic acid decomposition on Pt(111) and Ni(111) cal-
culated in this study are illustrated in Fig. 9. The C—OH bond
breaking in acetic acid (CH3COOH) with the formation of acetyl
(CH3CO) and hydroxyl on Pt was calculated to be endothermic by
49 kJ/mol. In contrast, this reaction was exothermic by 1 kJ/mol
on Ni. Even a larger difference was calculated for the C—O bond
breaking in acetyl (CH3CO) with the formation of ethylidyne
(CCH3) and atomic oxygen. That reaction was endothermic by
96 kJ/mol on Pt and exothermic by 39 kJ/mol on Ni. However,
the reactions for the C—C bond breaking in acetyl (CH3CO) with
the formation of methyl (CHs) and carbon monoxide (CO) were
equally exothermic by 22 kJ/mol on both metals (Fig. 9).

4. Discussion
4.1. Acetic acid adsorption and surface decomposition

At the employed high exposure conditions of 0.14-0.15 L and
the dosing temperature of 90 K in the IRAS spectra in Fig. 5, acetic
acid forms a physisorbed multilayer above a single chemisorbed
layer on both Pt(111) and Ni(110). The most prominent IRAS peaks
at 968, 1304 and 1730 cm™! for Pt in Fig. 5a are consistent with,

Fig. 9. DFT calculated reaction energies on (a) Pt(111) and (b) Ni(111) for acetic acid (CH;COOH) adsorption, C—OH bond breaking in acetic acid with the formation of acetyl
and hydroxyl (CH3CO + OH), C—0 bond breaking in acetyl with the formation of ethylidyne and atomic oxygen (CCH; + O + OH) and C—C bond breaking in acetyl with the

formation of methyl and carbon monoxide (CHs + CO + OH).
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respectively, Y(OH), v(C-O) and v(C=0) of acetic acid in a con-
densed state (Table 3). The corresponding IRAS peaks for Ni(110)
in Fig. 5b are 964, 1311 and 1730 cm™ . 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. The absence of characteristic vibrations for
acetic acid monomer (Table 2) demonstrates that at these low-
temperature conditions, only dimers and catemers, without any
monomers, are present. In particular, the intense v(OH) peak at
3582 cm~! in the acetic acid vapor-phase spectrum at 403 K
reported by us previously [13] (Table 2) is not observed in Fig. 5.
Instead, the observed v(OH) peaks at 2987 cm™' for Pt and
2989 cm! for Ni are consistent with the presence of dimers and
catemers (Table 3).

The peaks at 2930 cm~! for Pt and 2931 cm™! for Ni are due to
V(CH) in both the chemisorbed layer (molecular acetic acid and
acetate, Table 6) and the physisorbed multilayer (Table 3). The
acetic acid TPD results in Fig. 6a show that the physisorbed multi-
layer desorbs from the Pt surface at 166 K. This temperature is con-
sistent with 178 K reported previously for acetic acid adsorbed on
Pt(111) at 150 K [9]. For Ni, the physisorbed multilayer desorbs in
two peaks at 157 and 172 K (Fig. 6b). First, dimers decompose into
isolated acetic acid molecules at 157 K. Second, catemers, which
have more hydrogen bonds than dimers, decompose into isolated
acetic acid molecules at 172 K.

The chemisorbed layer at 90 K on both Pt and Ni contains a mix-
ture of molecularly and dissociatively adsorbed acetic acid. For
acetic acid adsorption on Ni(110) at low coverage of 0.18 ML at
90 K, the IRAS peaks at 1065, 1672 and 3017 cm™! were assigned
by us to, respectively, p(CH3), v(C=0) and v(OH) of molecularly
chemisorbed acetic acid based on our DFT calculations [13]. The
similar IRAS peaks at 1055 and 1690 cm™! at a higher coverage
of 2.9 ML (exposure of 0.14 L) at 90 K in Fig. 5b, therefore, can also
be assigned to, correspondingly, p(CH3) and v(C=0) of molecularly
adsorbed acetic acid in Fig. 8a.

The IRAS peaks for Ni at 1421 cm™' at 90-350 K and at
1456 cm™! at 90-450 K were assigned by us previously to the
vs(OCO) vibration of two bridge-bonded bidentate acetate struc-
tures: the first bidentate acetate with the lower wavenumber on
an unreconstructed Ni(110) surface and the second bidentate acet-
ate on a restructured rough surface [13]. The extent of surface
restructuring increases with increasing temperature and acetic
acid surface coverage [13]. The same bidentate acetate structure
but on Ni(111) instead of Ni(110) is shown in Fig. 8b. The O—H
bond breaking in adsorbed acetic acid with the formation of sur-
face acetate and surface hydrogen on Ni at temperatures as low
as 90 K is consistent with the first H, desorption peak at 265 K
in the acetic acid TPD in Fig. 7b. This first H, evolution is desorption
limited because it coincides with the H, desorption from a clean Ni
(110) surface [35,36] and, thus, the O—H bond breaking in acetic
acid, which generates surface hydrogen, must occur below 265 K.

The peak at 968 cm™! for Pt at 193 K in Fig. 5a is a characteristic
out-of-plane bending vibration of the hydroxyl group in adsorbed
acetic acid, y(OH), which was confirmed with a vibrational shift
for isotope-substituted acetic acid at 168 K [10]. Since the same
peak is observed for Pt in the presence of dimers and catemers at
90 K in Fig. 5a and since it is consistent with similar peaks at
923-948 cm™! in acetic acid condensed states in Table 3, hydroxyl
groups of the chemisorbed acetic acid on Pt remain to be affected
by hydrogen bonding at 193 K. In contrast, the y(OH) vibration of
an isolated acetic acid molecule unaffected by hydrogen bonding is
calculated to be at a much lower wavenumber of 672 cm™!
(Table 2), which is in agreement with the experimental peak at
650 cm ! reported for an acetic acid monomer [31].

For Pt at 90 K, the IRAS peaks at 1049 and 1676 cm™! in Fig. 5a
are consistent with the calculated vibrational frequencies for
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molecularly adsorbed acetic acid in Fig. 8a for p(CHs3) at 1062
and 1083 cm™! and for v(C=0) at 1680 cm~' (Table 6). Similar
HREELS peaks with the same assignments were reported for acetic
acid adsorption on Pt(111) at 168 K for surface coverage values
above 0.5 ML. The peaks were 1034 cm~' for p(CH;) and
1675 cm~! for v(C=0) [10]. At surface coverage values below 0.5
ML, primarily acetate was observed instead of molecular acetic
acid [10]. The presence of acetate at 90 K in Fig. 5a is evidenced
by the peaks at 1412 and 1435 cm™!, which are consistent with
the calculated v4(OCO) at 1425 cm™! for the bridge-bonded biden-
tate acetate structure (Table 6 and Fig. 8b). A similar peak with the
same assignment at 1398 cm~! was reported for acetic acid
adsorption on Pt(111) at 163 K [10], at 1427 cm™ for acetic acid
adsorption on Pt/SiO, at 300 K and at 1420 cm™! for acetate
adsorption on Pt(100), Pt(110) and Pt(111) in aqueous solution
[37]. A mixture of acetic acid and acetate was also detected on Pt
(111) at 150 K with SRPES measurements [11]. Similarly to Ni,
the first H, evolution for Pt at 357 K in Fig. 7a is desorption limited
because it coincides with the H, desorption from a clean Pt(111)
surface at low H, coverage [38], providing further evidence for
the acetate formation below this temperature.

After the desorption of the physisorbed multilayer, its charac-
teristic vibrations are no longer observed in the IRAS spectra at
193 K for Pt and 200 K for Ni. Specifically, the peaks at 1304,
1730 and 2987 cm™! are no longer observed for Pt in Fig. 5a, and
the peaks at 964, 1311, 1730 and 2989 cm™' are no longer
observed for Ni in Fig. 5b. The remaining chemisorbed layer on
Pt at 193 K contains a mixture of molecularly and dissociatively
adsorbed acetic acid. The peaks for molecularly adsorbed acetic
acid at 193 K are the same as those at 90 K in Fig. 5a: 968, 1049
and 1676 cm™! for, respectively, y(OH), p(CHs) and v(C=0). The
peaks for acetate are shifted to 1406 and 1425 cm™!. The appear-
ance of a new small peak at 1703 cm™!, which is due to v(C=0)
in acetyl or another decomposition product, indicates the onset
of decomposition beyond acetate. For comparison, the calculated
V(C=0) for acetyl in Table 6 is 1781 cm™ .

The spectroscopic results in Fig. 5 as well as the computational
results in Tables 5 and 6 demonstrate that acetate (CH3COO) pref-
erentially forms bidentate species by bonding through two O
atoms to two neighboring surface metal atoms (1,1?(0,0) config-
uration) on both Pt and Ni (Fig. 8b). Contrary to speculations in lit-
erature about other possible acetate structures, the bridge-bonded
bidentate species in Fig. 8b is the only stable structure. For exam-
ple, a bridge-bonded monodentate (binding through one O atom to
two metal atoms) was found to be metastable on Ni, converting to
the more stable bridge-bonded bidentate, and not stable at all on
Pt in our DFT calculations. Similarly, an atop-bonded bidentate
(binding through two O atoms to a single metal atom) and atop-
bonded monodentate (binding through one O atom to a single
metal atom) proposed in literature were found to be unstable on
both Pt and Ni in our DFT calculations. Moreover, the calculated
vibrational frequencies for the bridge-bonded bidentate species
on Pt(111) in Table 6 and on Ni(110) reported previously [13] are
consistent with the IRAS results in Fig. 5.

At 200 K, acetic acid is more reactive on Ni than on Pt. In con-
trast with Pt, where a mixture of molecularly adsorbed acetic acid
and acetate is observed, most of the chemisorbed acetic acid con-
verts to acetate on Ni. This is evidenced by the disappearance of
the IRAS peak at 964 cm™! for y(OH) at 200 K in Fig. 5b. In addition,
the peaks for bridge-bonded bidentate acetates at 1421 and
1456 cm~! become dominant. Furthermore, the appearance of a
peak at 1832 cm™! for a bridge-bonded CO [39] indicates the onset
of C—C bond breaking reactions below 200 K. The small peak at
2931 cm ! observed at 200 and 350 K is a non-characteristic v
(CH) vibration, which can be due to acetate or another hydrocar-
bon decomposition product.
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The higher reactivity of acetic acid on Ni at 200 K with the for-
mation of acetates and further decomposition with C—C bond
breaking prevents its molecular desorption at 220 K. The desorp-
tion peak for acetic acid at 220 K is barely visible compared to
the peaks for its decomposition products in Fig. 7b. This small des-
orption peak is more visible as a function of exposure in Fig. 6b. It
is followed by a broad tail up to 300 K, which must be due to
recombinative desorption through the reaction of a surface acetate
with a surface hydrogen atom. In contrast with Ni, most of the
chemisorbed acetic acid desorbs from Pt molecularly at 218 K. A
similar desorption peak at 223 K for Pt(111) was reported previ-
ously [9]. The desorption peak for acetic acid is much larger com-
pared to the peaks for its decomposition products in Fig. 7a. Only at
the highest employed exposure of 0.08 L, there is an additional
peak at 345 K for recombinative acetic acid desorption in Fig. 6a.
The similarity of the acetic acid desorption temperatures of
218 K for Pt(111) and 220 K for Ni(110) demonstrates that the
acetic acid adsorption energies on these surfaces are also similar.
The similarity of the calculated adsorption energies of 88 kj/mol
for Pt(111) and 77 kJ/mol for Ni(110) in Table 5 is, thus, in agree-
ment with the experimental results.

At 250 K, after the desorption of the chemisorbed acetic acid
from Pt at 218 K, only a small amount of acetate and further
decomposition products remian on the surface. The IRAS peak at
1406 cm~! at 250 K in Fig. 5a is due to v4(OCO) of bridge-bonded
bidentate acetate. The peak at 1595 cm' is likely v(C=0) of a
decomposition product beyond acetyl. The appearance of a peak
at 2085 cm~! for atop-bonded (linear) CO [40,41] indicates the
onset of C—C bond breaking reactions below 250 K. Correspond-
ingly, the new peak at 974 cm ! is likely due to CH, species. Based
on an analysis of HREELS and TPD results, the presence CH and CH,
rather than CH3; was proposed [9]. At 350 K on Ni, the IRAS peaks
for bridge-bonded bidentate acetates at 1421 and 1456 cm™'
remain dominant. A new peak at 2010 cm~! for atop-bonded CO
in addition to the 1876 cm~! peak for bridge-bonded CO [39]
shows further decomposition of the acetates through C—C bond
breaking.

By 450 K, the decomposition of acetates is almost complete on
both Pt and Ni. On Pt, the only IRAS peaks at 440 K in Fig. 5a are
974 cm™! for CHy as well as 1878, 2062 and 2085 cm~! for CO.
The decomposition of acetates is accompanied by the desorption
of CO, at 388 K, CO at 444 K and H; at 451 K (Fig. 7a). At 770 K, only
peaks at 974 cm~! for CH, and 2085 cm™! for CO are observed in
Fig. 5a. Similarly to Pt, the 1456 cm™! acetate peak becomes small
for Ni at 450 K in Fig. 5b. The only other remaining peaks are at
974 cm™! for CH, and 1055 cm™! for, possibly, p(CHs) in acetate
(calculated at 1059 and 1079 cm™!, Table 6). The decomposition
of acetates on Ni is accompanied by the desorption of H,O at
310 K and the simultaneous desorption of H,, CO and CO, at
425 K. The IRAS peaks for CO are no longer observed on Ni at 450 K.

In summary, acetic acid forms similar molecularly adsorbed
structures on Pt and Ni (Fig. 8a) with similar adsorption energies
(Fig. 6 and Table 5). The structures for acetate and acetyl are also
similar (Fig. 8b and c). Acetic acid is more reactive for O—H and
C—C bond breaking on Ni below 200 K. Practically all acetic acid
decomposes into acetate, and CO is observed on Ni at 200 K
whereas on Pt, only a fraction of acetic acid decomposes, and CO
is not observed. By 450 K, acetates almost completely decompose,
and practically no other oxygen-containing hydrocarbons remain
on both Pt and Ni.

4.2. Acetic acid hydrodeoxygenation
The IRAS and TPD surface science results in Figs. 5-7 show that

acetic acid is equally or even more reactive on Ni compared to Pt.
The DFT calculated reaction energies in Fig. 9 are consistent with
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this conclusion. The C-OH bond breaking in acetic acid with the
formation of acetyl (CH3CO), which is usually considered to be rate
determining for Pt, [3,5] is endothermic by 49 kJ/mol on Pt (Fig. 9a)
but, in contrast, slightly exothermic, —1 kJ/mol, on Ni (Fig. 9b).
Similarly, the C-O bond breaking in acetyl (CH3CO) with the forma-
tion of ethylidyne (CCHs) is endothermic by 96 kj/mol on Pt
(Fig. 9a) but exothermic by 39 kJ/mol on Ni. The C-C bond breaking
reaction in acetyl with the formation of methyl (CHs) and carbon
monoxide (CO) is exothermic with similar reaction energies on
both Pt and Ni. The results of DFT calculations with transition
states for multiple reaction pathways suggested that the rate
determining step on Ni may be the formation of acetyl (CH5CO)
through the C—O bond breaking in acetate (CH3COO) rather than
in acetic acid [3]. However, regardless of the exact reaction mech-
anism, the surface science results in Figs. 5-7 demonstrate that
acetic acid is more reactive on Ni with a greater extent of O—H
and C—C bond breaking at 200 K and that all oxygen-containing
hydrocarbons almost completely decompose on both Pt and Ni
by 450 K.

Acetic acid hydrodeoxygenation is typically performed at or
above 450 K. Therefore, acetic acid should be highly reactive at
the usual reaction conditions on both Pt and Ni. Moreover, the
presence of added H, under the reaction conditions may further
facilitate acetic acid decomposition through hydrogen-assisted C-
O bond breaking. Despite the high reactivity of acetic acid on Ni
in surface science measurements (Figs. 5-7), the catalytic activity
on Ni in reactor testing measurements is low, and it is lower than
that on Pt (Fig. 3). These results are consistent with previous stud-
ies, in which lower activity of Ni compared to Pt was reported for
multiple catalysts and under various reaction conditions. For
example, Ni/C was less active than Pt/C in aqueous-phase hydro-
genation of acetic acid at 383-482 K [3].

A lower decomposition reactivity of a hydrocarbon under reac-
tion conditions compared to surface science experiments at the
same temperature may be caused by the presence of spectator spe-
cies, which accumulate on the catalytic metal surface during the
reaction. Furthermore, carbonaceous species may also accumulate,
leading to catalyst deactivation. Since there is no indication in our
results that the hydrocarbon surface species on Pt and Ni are con-
siderably different or that Ni deactivates more rapidly than Pt,
there must be an additional factor to explain the low catalytic
activity of Ni, which is inconsistent with the high reactivity of
acetic acid on this metal.

In hydrodeoxygenation, there are two parallel sets of reac-
tions. One set of reactions is for an oxygen-containing hydrocar-
bon, such as acetic acid. The second set of reactions is for
hydrogenation of surface oxygen species with the formation of
water. Oxygen species on the catalytic surface are generated
through C—0 bond breaking. For example, the C—0 bond break-
ing in acetyl (CH5CO) produces ethylidyne (CCHs) and atomic
oxygen (Fig. 9). The H, TPR results in Fig. 4 demonstrate that
the reduction of calcined Pt and Ni catalysts takes place at tem-
peratures that are higher than usual hydrodeoxygenation temper-
atures. The water evolution peak for Pt at 564 K is small because
oxygen on Pt nanoparticles is usually limited to the surface and
subsurface Pt layers. This temperature is typical for supported
Pt nanoparticles, but it can also be as low as 273 K, depending
on the catalyst pretreatment and the amount of oxygen [42]. In
contrast, the water evolution peak for Ni is large due to bulk oxi-
dation, and it is at a higher temperature of 622 K. This tempera-
ture is in agreement with the results of a detailed study on the
reduction of a NiO(100) crystal and NiO powders with gas-
phase H, [43]. In a study with Ni nanoparticles with a size from
2 to 22 nm supported on SiO,, the temperature of the water evo-
lution peak in H, TPR varied between 590 and 683 K, depending
on the Ni particle size [1].
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Since the surface chemistry of acetic acid on both Pt and Ni is
substantially similar, but it is more difficult to reduce Ni than Pt,
the lower hydrodeoxygenation activity of Ni can be attributed to
its lower reducibility. After acetic acid adsorption, Ni can efficiently
catalyze its decomposition reactions below 450 K, but only once.
To achieve a catalytic cycle, the Ni surface needs to be reduced
by removing surface oxygen species, which requires a significantly
higher temperature than that for acetic acid surface reactions.
Therefore, the development of improved Ni catalysts with higher
activities will benefit by focusing on the reducibility of the metal
surface rather than on hydrocarbon reactions.

5. Conclusions

The IRAS and TPD measurements show that at high exposure
conditions and the dosing temperature of 90 K, acetic acid on Pt
(111) and Ni(110) surfaces forms a chemisorbed layer that is cov-
ered by a physisorbed multilayer. The physisorbed layer is a con-
densed state without acetic acid monomers. Instead, it contains
dimers and catemers, which are various-length chains of more
than two hydrogen-bonded acetic acid molecules. The physisorbed
multilayer desorbs from Pt(111) in a single peak at 166 K. For Ni
(110), two desorption peaks are observed. Acetic acid dimers
decompose into monomers that desorb first at 157 K followed by
the decomposition of catemers at 172 K. The chemisorbed layer
at 90 K for both Pt and Ni contains a mixture of molecularly
adsorbed acetic acid as well as acetate, which is formed through
dissociative adsorption by breaking the O—H bond: CH;COOH™* +
* = CH3COO* + H*.

The DFT calculations show that molecular acetic acid adsorbs
similarly on both Pt and Ni surfaces. It preferentially binds through
its carbonyl oxygen to a single metal atom (j1;1'(0) configuration).
Acetate (CH3COO) structures are also similar on both surfaces.
Acetate preferentially forms bidentate species bonded to two sur-
face metal atoms (p1,1%(0,0) configuration). The bonding for acetyl
(CH3CO), however, is different. On Pt, acetyl preferentially binds to
a single surface metal atom through the C atom that lost the hydro-
xyl (1yM*(C) configuration). On Ni, acetyl binds to two surface
metal atoms. One metal atom is bonded to the C atom that lost
the hydroxyl, and the second metal atom is bonded to the remain-
ing oxygen atom (p,1%(C,0) configuration).

The IRAS and TPD measurements show that Ni(110) is more
reactive than Pt(111) at 200 K. At this temperature, chemisorbed
acetic acid almost completely decomposes into acetate and starts
breaking its C—C bond on Ni. In contrast, on Pt, a mixture of molec-
ular acetic acid and acetate is present, and C—C bond breaking is
not detected.

Due to the almost complete decomposition of acetic acid to
acetate on Ni at 200 K, only a small fraction of the chemisorbed
acetic acid desorbs molecularly at 220 K. Although the acetic acid
desorption peak for Pt is at a similar temperature of 218 K, most
of the chemisorbed acetic acid desorbs from Pt molecularly. Unlike
on Ni, only a small fraction of the initial hydrocarbon remains on Pt
at higher temperatures. The similarity of the desorption tempera-
tures indicates that the adsorption energies for acetic acid on both
metals are also similar. Recombinative desorption of acetic acid,
which forms from acetate and hydrogen atoms on the surface, is
observed as a small broad peak at 345 K for Pt and as a tail after
the 220 K peak, extending to 300 K, for Ni.

The IRAS and TPD measurements at 450 K show that the decom-
position of acetic acid is almost complete on both Pt and Ni, with
practically no oxygen-containing hydrocarbons remaining on the
surface at this temperature. Therefore acetic acid is highly reactive
on both Pt and Ni in surface science experiments. However, the Ni/
SiO, catalyst is less active than the Pt/SiO, catalyst in acetic acid

Journal of Catalysis 418 (2023) 190-202

hydrodeoxygenation at 473 and 573 K. This catalytic activity dif-
ference cannot be explained by differences in acetic acid adsorp-
tion or surface reactivity because they are either similar on Pt
and Ni, or Ni is actually more reactive.

The H, TPR experiments demonstrate that the calcined Pt/SiO,
catalyst is reduced at a lower temperature of 564 K compared to
622 K for the calcined Ni/SiO, catalyst. Since surface oxygen is pro-
duced during hydrodeoxygenation, it needs to be removed by gas-
phase H, to regenerate the metal surface. Such a surface reduction
process is parallel with the hydrocarbon decomposition and essen-
tial for maintaining the catalytic cycle. Therefore, the lower cat-
alytic activity of Ni can be attributed to its lower reducibility.

These findings will be useful in the development of improved Pt
and Ni catalysts for hydrodeoxygenation of biomass-derived feed-
stocks and other biomass upgrading technologies, such as steam
reforming. More broadly, the results will be useful for a wide range
of other catalytic technologies that involve reactions of oxygen-
containing hydrocarbons on Pt and Ni catalysts.
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