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A B S T R A C T   

Ethanol is the smallest molecule containing C–O, C–C, C–H, and O–H bonds present in biomass-derived oxy-
genates. The development of inexpensive and selective catalysts for ethanol reforming is important towards the 
renewable generation of hydrogen from biomass. Transition metal nitrides (TMN) are interesting catalyst support 
materials that can effectively reduce precious metal loading for the catalysis of ethanol and other oxygenates. 
Herein theoretical and experimental methods were used to probe platinum-modified molybdenum nitride (Pt/ 
Mo2N) surfaces for ethanol reforming. Computations using density-functional theory and machine learning 
predicted monolayer Pt/Mo2N to be highly active and selective for ethanol reforming. Temperature-programmed 
desorption (TPD) experiments verified that ethanol primarily underwent decomposition on Mo2N, and the re-
action pathway shifted to reforming on Pt/Mo2N surfaces. High-resolution electron energy loss spectroscopy 
(HREELS) results further indicated that while Mo2N decomposed the ethoxy intermediate by cleaving C–C, C–O, 
and C–H bonds, Pt-modification preserved the C–O bond, resulting in ethanol reforming.   

1. Introduction 

Biomass-derived oxygenates are of interest both as fuels and as 
building-blocks for commodity chemicals. As the smallest molecule that 
contains C-O, C-C, C-H, and O-H bonds, ethanol has been used as a probe 
molecule for controlling the bond scission sequence of oxygenates. The 
selective C-C bond scission, without C-O bond cleavage, is an important 
reaction step for ethanol reforming to produce renewable hydrogen and 
for ethanol oxidation in fuel cells. Previous studies have revealed that 
ethanol reacts on platinum group metal (PGM) to form H2 and CO, 
however some of these materials also produce undesired methane or 
lead to complete decomposition to atomic carbon and oxygen [1–4]. Of 
these, Pt is highly selective for the reforming pathway, and has been the 
focus of significant research efforts [4–7]. While Pt supplies are scarce 
and expensive [8], supporting low loading of Pt over the substrates of 
earth-abundant metals has been explored to effectively reduce the 
precious metal loading [9–11]. 

Transition metal carbides (TMC) are a well-studied class of catalysts 
and catalyst support materials that are less expensive than PGMs [10, 
12]. Specific to the reaction of ethanol, past research on tungsten car-
bide (WC) and molybdenum carbide (Mo2C) thin films demonstrated the 
feasibility for controlling bond scission of oxygenates with the deposi-
tion of different admetals [9,13]. For example, while Mo2C was reported 
to decompose ethanol into H2, and Cads and Oads that remain adsorbed 
on the catalyst surface, Ni-modification partially preserved the C-O bond 
that altered the reaction pathway from complete decomposition to 
reforming [13]. 

Despite these interesting properties, the synthesis of TMC often re-
sults in the accumulation of undesired surface carbon that can decrease 
catalytic activity and lead to discrepancies between the experimentally 
prepared surfaces and the well-defined model surface used in theoretical 
calculations[14,15]. In contrast to carbide analogues, transition metal 
nitrides (TMN) can be synthesized by the decomposition of NH3, from 
which adsorbed N desorbs as N2 instead of accumulating on the surface, 
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resulting in inherently clean TMN surfaces. Furthermore, TMNs typi-
cally show similar physical and electronic properties to the carbide 
counterparts [16,17], and have been studied as both catalysts and 
catalyst supports for several catalytic reactions [18–26]. In one study of 
methanol steam reforming, PGM/Mo2N catalysts were shown to have 
greater overall activity and increased selectivity for H2 production in 
comparison to Mo2C-supported analogs [18]. In a different study, Mo2N 
was shown to interact more weakly with the oxygen atoms in glycerol in 
comparison to Mo2C, which resulted in the production of allyl alcohol 
and propanal with some C-O bonds preserved, in addition to the fully 
deoxygenated propylene [27]. 

In this work, the catalytic properties of TMNs were further explored 
by investigating the reaction of ethanol on unmodified and Pt-modified 
Mo2N thin films using surface science techniques and density functional 
theory (DFT) calculations. We also made use of machine learning for the 
prediction of catalytic activity and selectivity, an area of research that 
has recently seen significant progress [28–31]. A machine learning 
model that we previously developed [32] was applied to predict 
monolayer (ML) Pt/Mo2N as active and selective for ethanol reforming. 
Under ultrahigh vacuum (UHV) conditions, temperature-programmed 
desorption (TPD) experiments were employed to identify the 
gas-phase reaction products, as well as to quantify the reaction activity 
and selectivity. High-resolution electron energy loss spectroscopy 
(HREELS) was employed to identify the reaction intermediates present 
on the surface, which informed the nature of C-C, C-O, C-H, and O-H 
bond scission. This study demonstrates that Mo2N can be effectively 
tuned from ethanol decomposition to reforming pathway with the 
addition of a monolayer Pt, offering a potential strategy to utilize TMNs 
as support materials to reduce Pt loading, as well as to allow for better 
correlation between experimental results and first-principles calcula-
tions. The present work employed models for the prediction of reform-
ing activity and selectivity that were previously developed for bimetallic 
alloys [32] to Mo2N-based catalysts. The good agreement of the pre-
dictions with experimental results confirms that the models can be 
generalized beyond bimetallic alloys and are suitable for the computa-
tional discovery of ethanol reforming catalysts in a broader composition 
space. 

2. Methods 

2.1. Nitride synthesis 

The Mo2N thin films used in this study were synthesized using Mo 
thin films (Alfa Aesar, 99.95%) with a thickness of 0.1 mm, which had 
been cut into a dimension of 1 cm × 2 cm. The Mo foils were cleaned 
using a previously described procedure that utilized a series of soni-
cation and wash steps to remove surface oils and oxides prior to being 
loaded into a horizontal quartz tube furnace [33,34]. Nitride thin film 
synthesis was also adapted from a prior study [34]. In brief, the furnace 
was heated from 298 K to 1123 K at a linear rate over 2 h with an 
ambient pressure gas flow of 150 standard cubic centimeters (sccm) of 
100% ammonia. The furnace was maintained at 1123 K for 10 h, after 
which the synthesized nitride thin films were gradually cooled to 
ambient temperature under the same gas condition. After cooling to 
room temperature, the furnace was purged with Argon before the films 
were removed. In a previous study that used the same synthesis pro-
cedure, the as-synthesized Mo2N films were characterized using X-ray 
photoelectron spectroscopy to quantify the Mo:N atomic ratio, as well as 
symmetric and glancing incidence X-ray diffraction to confirm the 
nitride phase [27]. 

2.2. Surface science experiments 

TPD experiments were conducted in a UHV chamber equipped with 
Auger electron spectroscopy (AES) for surface analysis, mass spec-
trometry (MS) for TPD measurements, a Ne+ sputter gun for surface 

cleaning, and a Pt metal source for physical vapor deposition (PVD). The 
Mo2N foil or Pt(111) single crystal was spot welded to two 0.7 mm 
tungsten posts (Alfa Aesar, 99.95%) that were resistively heated and 
cooled by contact with a liquid N2 reservoir. Temperature was measured 
by a type K thermocouple spot welded to the back of the sample. The Pt 
(111) single crystal and Mo2N film were cleaned using the same meth-
odology as a previous surface science study of Pt(111) using repeated 
cycles of Ne+ sputtering and annealing [4]. The ethanol sample cylinder 
was prepared by transferring ethanol (Sigma-Aldrich, 99.5%) into an 
evacuated glass cylinder in an Argon gas environment via a glove bag. 
The reagent then underwent four freeze-thaw-pump cycles for further 
purification, and the purity was checked using MS prior to experiments. 

The Pt overlayer was deposited by PVD with the cleaned Mo2N 
surface being held at 300 K and the coverage of Pt was quantified by 
AES. PVD employed the resistive heating of a 0.1 mm Pt (Alfa Aesar, 
99.997%) wire wrapped around a 0.5 mm tungsten filament (Alfa Aesar, 
99.95%), mounted inside a tantalum shield. The AES atomic ratio of Pt 
(62 eV) and Mo(186 eV) was used to calculate the Pt coverage [35]. 
Based on the measured Pt and Mo AES peak-to-peak intensities as a 
function of deposition time (Fig. S2), a change of slope was observed 
that corresponded to the transition from the first to the second deposited 
Pt layer, where the AES signal was screened by the second Pt layer. 
According to a previously established method[35,36], this result indi-
cated the layer-by-layer growth mechanism of Pt over Mo2N as opposed 
to Pt island formation and was consistent with previously reported 
layer-by-layer growth of Pt/Mo2C [37], Pt/WC and Pt/W2C [38]. 

For TPD experiments, 4 L (1 L = 1 ×10− 6 Torr⋅s) ethanol was dosed 
while the sample was held at 200 K and directed to the dosing tube [4]. 
During TPD experiments, the sample was positioned in front of the MS 
and ramped at a heating rate of 3 K/s [4,9,13]. Gas-phase reaction 
products were identified using the MS, based on preselected atomic mass 
units (amu) in accordance with corresponding gas cracking patterns. 
Quantification of the activity and selectivity accounted for the MS and 
reported ion gauge sensitivity factors, and was based on a previously 
reported method [39]. 

HREELS experiments were conducted in a similarly equipped UHV 
chamber with the addition of HREELS. The surface was prepared using 
the same procedures for cleaning, PVD, and dosing as described for TPD 
experiments. For thermal sequencing experiments, a spectrum was first 
recorded after the surface was exposed to ethanol. Subsequently, the 
surface was ramped to the desired temperature and cooled to less than 
200 K prior to conducting the HREELS measurements. 

2.3. Computational details 

All density functional theory (DFT) [40,41] calculations were per-
formed using the Vienna Ab Initio Simulation Package (VASP) [42,43]. 
The exchange-correlation density functional by Perdew and Wang 
(PW91)[44] and projector-augmented wave (PAW) [45] pseudopoten-
tials were used, with a plane wave basis set with an energy cutoff of 400 
eV. k-point meshes were generated using the fully automatic approach 
within VASP with a length parameter of Rk = 25. The convergence 
criterion for the self-consistent energy was 10–5 eV. The Mo2N(111) 
surface was modeled using a symmetric slab model with 4 Mo and 3 N 
planes, and a monolayer of Pt was decorated on the face centered cubic 
(fcc) hollow sites. A vacuum region was generally at least 10 Å wide. The 
atoms in the bottom three layers (Mo, N, Mo) were kept fixed at their 
ideal bulk positions, while the positions of all other slab atoms and the 
adsorbed molecules were optimized until the residual atomic forces 
were below 0.01 eV/Å. An exemplary surface slab model is shown in  
Fig. 1(a). 

The energies of transition states for reactions over Pt/Mo2N were 
estimated using the Brønstedt-Evans-Polanyi (BEP) principle, [47,48] i. 
e., it was assumed that the activation energy for a reaction is propor-
tional to the reaction energy. The BEP model from a previous study [32] 
was employed, which was constructed based on a database of reactant, 
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product, and transition-state energies of 101 reaction steps for ethanol 
reforming over different bimetallic transition metal catalysts [32,49]. 
See the supporting information for further details. 

3. Results and discussion 

3.1. Computational prediction of reforming activity and selectivity of Pt/ 
Mo2N 

Ethanol reforming is the result of a complex reaction network that is 
controlled by the catalyst surface composition and structure, and accu-
rately predicting the catalytic activity and selectivity with DFT alone is 
challenging. To bridge between first-principles calculations and exper-
imental characterization, we made use of machine learning. We previ-
ously identified key reaction steps of ethanol reforming by data mining a 
large DFT database together with a smaller set of experimentally 
determined catalytic activities and selectivities [32]. In brief, first a 
machine-learning model based on Random Forest Regression (RFR) and 
Gaussian Process Regression (GPR) was trained to predict 
transition-state energies based on features derived from (i) the atomic 
structural arrangement of the catalyst surface, (ii) the electronegativities 
of the catalytic species, and (iii) DFT adsorption energies. Then, com-
pressed representations of the experimental catalytic activity and 
selectivity were determined as linear regression models with DFT re-

action and transition-state energies as the features. All machine-learning 
models were constructed using the scikit-learn software package [50], 
and our implementation can be obtained from (https://github.com/a-
tomisticnet/ML-catalysis). For further details see reference [32]. The 
reforming activity and selectivity, and the total activity are defined in 
Section 3.2. 

This approach identified descriptors for the ethanol reforming ac-
tivity and selectivity based on four key reaction steps (Table 1) based on 
which the activity a (in units of molecules per metal atom) and 

selectivity S can be estimated as 

a = 0.107 E(I)
TS − 0.128 E(II)

TS − 0.003 E(II)
r + 0.100  

and   

In the above equations, Ei
TS is the transition-state energy of reaction i, 

and Ei
r is the corresponding reaction energy (both quantities in eV). The 

four key reactions that the models for activity and selectivity prediction 
are based on were identified by regularized regression from a reaction 
network of 14 ethanol decomposition pathways [32]. The regression 
analysis showed that the activity and selectivity for the reforming re-
action are governed by a competition of the C–C bond and C–O bond 
scission. The reforming activity increases as the C–O bond scission, 

Fig. 1. (a) An example of a slab model for DFT calculations. Mo atoms are violet, Pt grey, N blue, O red, C brown, and H white. (b) Experimentally determined 
ethanol reforming activity and selectivity for Pt(111) and monolayer metal-modified Pt(111) with various bimetallic surfaces from reference [46] (the first element 
corresponds to the topmost layer). Also shown is the prediction for monolayer Pt/Mo2N obtained from DFT and machine learning. 

Table 1 
DFT calculated reaction energies (Er) and transition-state energies (ETS) of key 
reactions over pure Pt and monolayer Pt/Mo2N. The four reactions have previ-
ously been identified as descriptors for the catalytic activity and selectivity for 
ethanol reforming [32]. The star (*) in front of the chemical formulas denotes 
adsorbed species.   

Reaction Pt (111) Pt/Mo2N   

Er (eV) ETS 

(eV) 
Er (eV) E†

TS 
(eV) 

(I) *CH3CHO → *CH3 + *CHO − 0.08 2.00 0.62 1.84 
(II) *CH3CH2O → *CH3CH2 

+ *O 
− 0.10 2.26 0.81 1.69 

(III) *CH2CH2O → *CH2 

+ *CH2O 
0.11 2.56 0.16 1.97 

(IV) *CH3CO → *CH3 + *CO − 0.26 2.02 − 0.09 0.91 

†The transition-state energies for the Pt/Mo2N catalyst were estimated using a 
BEP model. 

S =
100

1 + e− 10Sl
with Sl = 1.705 E(I)

TS + 0.355 E(I)
r − 1.124 E(III)

TS − 1.274 E(IV)
r − 0.487.
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reaction (II) in Table 1, becomes kinetically and thermodynamically 
more feasible. In contrast, both the activity and selectivity for reforming 
are decreased as the C–C bond scission reaction (I) becomes more 
feasible. Fast kinetics for reaction (III) and a thermodynamic driving 
force for reaction (IV) further increase the reforming selectivity. 
Inserting the energies from Table 1 yielded for pure Pt an estimated 
reforming activity of aPt ≈ 0.025ML and a selectivity of SPt ≈ 97%. For 
monolayer Pt/Mo2N, the predicted activity and selectivity are aPt/Mo2N ≈

0.078ML and SPt/Mo2N ≈ 99%. Thus, the model predicts Pt/Mo2N to have 
a reforming activity that is around three times greater than that of pure 
Pt with an equally good selectivity. 

The predicted reforming activity of monolayer Pt/Mo2N is compa-
rable to the most active Pt-based bimetallic catalysts reported to date ( 
Fig. 1b) despite the lower Pt loading. This makes Pt/Mo2N a highly 
attractive candidate composition and motivates further experimental 
verification of Pt-modified Mo2N surfaces for ethanol reforming. 

3.2. Identification and quantification of gas-phase products using TPD 

TPD experiments of ethanol on Mo2N, Pt/Mo2N, and Pt(111) were 
conducted to identify the gas-phase reaction products and to quantify 
the catalytic activity and selectivity. Fig. 2 shows the TPD spectra of 
select gas-cracking patterns representative of reaction products. Spe-
cifically, the panels in Fig. 2 correspond to (a) H2 (2 amu), (b) CO 
(28 amu), (c) C2H4 (27 amu), and (d) CH4 (16 amu). On all surfaces 
tested, the reaction products were attributed to a combination of four 
reaction pathways:   

(1) Ethylene production aC2H5OH→aOads + aC2H4 + aH2  

(2) Methane production bC2H5OH→bCO + bCH4 + bH2  

(3) Reforming cC2H5OH→cCads + cCO + 3cH2  

(4) Complete decomposition dC2H5OH→dOads + 2dCads + 3dH2  

On unmodified Mo2N, H2 was the main reaction product. H2 

Fig. 2. TPD curves of ethanol decomposition on Mo2N, Pt-modified Mo2N, and Pt(111) surfaces. Reaction products (a) 2 amu, H2; (b) 28 amu, CO; (c) 27 amu, C2H4; 
(d) 16 amu, CH4. 
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desorbed in an initially sharp peak at 404 K and a broad peak centered 
around 522 K (Fig. 2(a)). Peaks associated with the desorption of C2H4, 
CO, and CH4 were also observed on the Mo2N surface. The weak peak at 
480 K in Fig. 2(b) was attributed to C2H4, with a corresponding cracking 
pattern at 27 amu. The reaction products of ethanol on Mo2N were 
similar to those reported on Mo2C/Mo(110), where H2 generation was 
dominant [13]. 

The addition of Pt at sub-monolayer and monolayer coverages on 
Mo2N shifted the peak intensities and the composition of the detected 
gas-phase products. Specifically as shown in Fig. 2(b), the deposition of 
Pt significantly increased CO production. The onset temperature of CO 
desorption increased with increasing Pt coverage, from Pt/Mo2N to Pt 
(111), in agreement with previously reported trends of ethanol reacted 
on Pt/WC and polycrystalline Pt foil [9]. In Fig. 2(c) C2H4 did not desorb 
from Pt-modified surfaces, and in Fig. 2(d) the CH4 peak intensity 
decreased as a function of increasing Pt coverage. 

Table 2 summarizes the quantified activity and selectivity for re-
actions (1) – (4) on each of the four surfaces studied. Because multiple 
reaction pathways produced H2 and CO, the reaction pathway stoichi-
ometry was used to quantify activity and selectivity. In brief, following 
the decomposition of C2H4 on Mo2N and Pt(111), the C(273 eV)/Mo 
(186 eV) AES peak-to-peak ratio and H2 desorption peak intensity were 
used as the basis for calculating product yield. An example calculation of 
CH4 yield follows: 

CH4 yield = b =
θC2H4

PH2

PC2H5OH
CH4

SH2
2

SCH4
16

(5)  

where θC2H4 was the amount of carbon from C2H4 decomposition 
determined by using AES, PH2 was the H2 peak area from C2H4 decom-
position with a stoichiometry ratio of one C per H2, PC2H5OH

CH4 
was the TPD 

CH4 peak area from C2H5OH decomposition, and SH2
2

SCH4
16 

was the ratio of the 

H2 and CH4 combined ion gauge and MS sensitivity factors. Detailed 
explanation of this quantification procedure can be found in the Sup-
porting Information. This calculation was used to quantify the yield of 
other products, and the remaining stoichiometric variables were 
deduced as: 

C2H4 yield = a  

CO yield = b + c→c = CO yield − b  

H2 yield = a + b + 3c + 3d→d =
(H2 yield − a − b − 3c)

3  

Total Activity = a + b + c + d.
Reforming Selectivity = c/(a + b + c + d) ∗ 100%.

The quantification results presented in Table 2 revealed that Pt- 
modification of the Mo2N surface modified the selectivity, where com-
plete decomposition on Mo2N could be suppressed in place of reforming 
on Pt/Mo2N. The gas-phase H2 desorption peak from the unmodified 
Mo2N was primarily attributed to the complete decomposition pathway, 
with a selectivity of 93%. This result was consistent with past studies of 
the decomposition of ethanol and other oxygenates on Mo2C, where C-O 
bond scission activity was attributed to the strong oxophilicity of Mo2C 
[13,51,52]. The addition of sub-monolayer Pt markedly shifted pathway 
selectivity from complete decomposition to reforming, and the ethanol 

reforming selectivity of the 1.1 ML Pt/Mo2N surface was nearly identical 
to Pt(111). These results demonstrated that even with low Pt coverage, 
the C-O bond scission pathway on the Mo2N surface was suppressed. 

In addition, the activity of Pt/Mo2N is significantly greater than that 
of pure Pt mostly because reaction (II) of Table 1, i.e., the C–O scission 
reaction, becomes kinetically more feasible as the transition-state en-
ergy is reduced by ~25% on Pt/Mo2N compared to pure Pt(111). The 
transition-state energy of the undesired reaction (I) is also reduced for 
Pt/Mo2N, but only by ~8%, so that E(I)

TS > E(II)
TS (for pure Pt, E(I)

TS < E(II)
TS ). 

This change in transition-state energies is mostly due to the stronger 
binding of ethanol and the ethoxy intermediate on the catalyst surface. 
Our DFT binding energy of ethanol increases in magnitude from 
− 0.377 eV for Pt to − 0.566 eV for Pt/Mo2N, and similar trends are seen 
for other intermediates that coordinate with O to the catalyst surface. 
This increased oxophilicity of the Pt/Mo2N surface can be explained by 
differences in the electronic density of states (DOS), shown in Fig. S3. 
The Mo d bands and the Mo-N hybrid states lie at a lower energy relative 
to the Fermi level than those of Pt (Fig. S3(a)), which leads to a 
broadening of the DOS of Pt on Mo2N compared to pure Pt (Fig. S3(b)) 
that creates additional occupied states at the valence band edge that O 
from the adsorbate can bind with. 

3.3. Identification of surface reaction intermediates using HREELS 

HREELS was used to identify surface intermediates to further un-
derstand the different reaction pathways on four surfaces: Mo2N, 0.4 ML 
Pt/Mo2N, 1.0 ML Pt/Mo2N, and Pt(111). Fig. 3 shows the HREEL spectra 
of adsorbed and reacted ethanol on the unmodified Mo2N surface. Fig. 4 
shows the spectra of all four surfaces dosed with 4 L ethanol at 200 K, 
and heated to 350 K and 500 K. The assignments to the vibrational 
modes are reported in Table 3. 

On the Mo2N surface, the characteristic vibrational modes of ethoxy 

Table 2 
Activity (ML) and reaction pathway selectivity (shown as % in parentheses) of ethanol on Mo2N, Pt-modified Mo2N, and Pt(111).  

Surface Ethylene (a) Methane (b) Reforming (c) Decomposition (d) Total 

Mo2N 0.010 (5%) 0.004 (2%) 0 0.185 (93%)  0.199 
0.6 ML 0 0.003 (2%) 0.128 (78%) 0.033 (20%)  0.164 
1.1 ML 0 0.002 (1%) 0.146 (93%) 0.010 (6%)  0.158 
Pt(111) 0 0.000 (1%) 0.027 (95%) 0.001 (4%)  0.028  

Fig. 3. HREEL spectra of 4 L ethanol dosed at 200 K on Mo2N.  
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were detected after ethanol adsorption at 200 K. These vibrational 
modes (frequency, cm− 1) can be summarized as follows: νs(CCO) at 
872 cm− 1, νas(CCO) at 1069 cm− 1, δ(CH3) at 1343 cm− 1, and δ(CH2) at 
1442 cm− 1, and ν(CH3) at 2915 cm− 1. When ethanol was dosed at 
200 K, the O-H stretching mode was not observed, which indicated that 
ethanol did not adsorb molecularly and OH bond scission occurred upon 
adsorption, consistent with past literature on analogous Mo2C surfaces 
[13]. Upon heating the surface to 300 K the vibrational modes associ-
ated with ν(CCO) decreased in intensity, which indicated initial 
decomposition of the ethoxy intermediate. Upon further heating to 
350 K and 400 K, deformation modes associated with CH2 and CH3 also 
decreased, consistent with the detection of the H2 desorption peak at 
404 K from the TPD experiments. Furthermore, as the temperature was 
increased to 600 K, poorly defined CxHy fragments from ethoxy 
decomposition remained on the surface as indicated by peaks in the 
characteristic frequency range. A ν(CO) vibrational mode was not 
observed on the Mo2N surface, which was consistent with the TPD result 

that there was no significant CO desorption from Mo2N. 
The HREEL spectra at the ethanol adsorption temperature of 200 K 

and spectra of 350 K and 500 K of the Mo2N, 0.4 ML Pt/Mo2N, 1.0 ML 
Pt/Mo2N, and Pt(111) surfaces (Fig. 4) show distinct differences in the 
reaction intermediates present on the surface. In Fig. 4(a), the vibra-
tional modes associated with the adsorption of ethanol on the four 
surfaces were different. Specifically, on Mo2N the vibrational modes 
associated with ν(CCO) were well-resolved and there was no observed 
CO stretching mode. On the 0.4 ML Pt/Mo2N surface, the ν(CCO) modes 
were less-resolved and there were two distinct CO stretching modes at 
1863 cm− 1 and 2047 cm− 1 attributed to CO adsorbed on different sites. 
This result was consistent with the broad CO TPD peak detected on the 
submonolayer Pt/Mo2N surface. As Pt-coverage increased to 1.0 ML Pt/ 
Mo2N, the ν(CO) mode at 2047 cm− 1 and Pt-O at 460 cm− 1 were 
detected, similar with vibrational modes present on the Pt(111) surface. 
The vibrational frequency of the ν(CO) mode on Pt(111) was red-shifted 
compared to that on Pt/Mo2N due to the stronger interaction between 
CO with Pt(111), consistent with the DFT-calculated CO binding en-
ergies on Pt(111) (− 2.02 eV, Ref [54,55]) and Pt/Mo2N (− 1.76 eV, this 
work). 

After the surfaces were heated to 350 K the ν(CCO) modes decreased 
in intensity, which indicated partial decomposition of the ethoxy in-
termediate on all surfaces. In contrast to Pt-modified Mo2N and Pt(111) 
surfaces, the νs(CCO), νas(CCO), δ(CH3) and δ(CH2) modes remained 
relatively intense on the Mo2N surface, suggesting that the extent of 
ethoxy decomposition was less on the Mo2N surface. Upon further 
heating of the surfaces to 500 K, the vibrational modes attributed to the 
decomposed ethoxy intermediate disappeared on Pt-modified Mo2N and 
Pt(111) surfaces. The intensity of the CO stretching mode also 
decreased, which was consistent with the desorption of CO from each of 
these surfaces. In agreement with the TPD results, the HREELS experi-
ments indicated that Pt-modification at sub-monolayer and monolayer 
coverages substantially altered the reaction intermediates present on the 
surface, and hence the reaction pathway. 

4. Conclusions 

This work presents a combined theoretical and experimental 

Fig. 4. HREEL spectra of 4 L ethanol dosed at 200 K on Mo2N, Pt-modified Mo2N, and Pt(111) surfaces. Temperature profiles presented at the adsorption tem-
perature 200 K, and ramped temperatures 350 K and 500 K. 

Table 3 
Vibrational mode assignments of ethanol on Mo2N, Pt-modified Mo2N, and Pt 
(111).   

Frequency (cm− 1) 

Mode Solid 
Phasea 

Mo2N Mo2C/Mo 
(100)b 

WCc Pt 
(111) 

Pt 
(111)d 

δ(CCO) 419  550    528  460  450 
γ(CH2) 801      805  738  800 
νs(CCO) 885  872  873  886  872  880 
ρ(CH3) 1033           
νas(CCO) 1089  1069  1055  1055  1069  1060 
γ(OH) 1241           
δ(CH3) 1394/ 

1452  
1343  1366  1360  1343  1390 

δ(CH2) 1490  1442  1448  1441  1442  1450 
ν(CH2) 2900           
ν(CH3) 2943/ 

2989  
2915  2936  2943  2915  2960 

ν(OH) 3676    3430  3341    3230 

δ, deformation; ν, stretching; ρ, rocking; s-symmetric; as-asymmetric. 
aRef [53], bRef [13], cRef [9], dRef [5]. 
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investigation of Mo2N and Pt-modified Mo2N surfaces for the reaction of 
ethanol. DFT and machine-learning based computations predicted the 
activity and selectivity of monolayer Pt/Mo2N for ethanol reforming to 
be competitive with the best-known Pt-based catalysts. TPD experiments 
revealed the surface-dependent reaction pathways of ethanol to C2H4, 
CH4, CO, and H2. On the Mo2N surface, ethanol primarily underwent 
complete decomposition through the scission of C-C, C-O, C-H and O-H 
bonds, consistent with reported bond scission activity on Mo2C surfaces 
[13]. Minor CH4 and C2H4 gas-phase products desorbed from the Mo2N 
surface, but did not account for a substantial portion of the reacted 
ethanol. Pt-modification shifted the reaction pathway from complete 
decomposition to reforming, which left the C-O bond intact. HREELS 
was used to further understand the reaction intermediates on surface, 
supporting the shift in reaction pathways associated with 
Pt-modification. Specifically, HREELS results revealed that the C-O bond 
was preserved as the ethoxy intermediate decomposed on Pt-modified 
surfaces, as evidenced by the presence of the ν(CO) mode. In combina-
tion, the HREELS and TPD results indicated that ethanol reacted on the 
monolayer Pt/Mo2N surface had similar reaction intermediates and 
selectivity to Pt(111), consistent with the DFT and machine learning 
prediction. This work highlights the potential of using TMN materials as 
supports for controlling the reforming of biomass-derived oxygenates, as 
well as a strategy to decrease precious metal loading and reduce catalyst 
cost. 
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