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ABSTRACT:The inuence of ammonia (NH on the
doubly deuterated formic acid (DCOOD, FA) dehydrog
ation selectivity for a Pd(111) single crystal model cal
surface was investigated under ultrahigh vacuum con
using temperature-programmed desorption and tempe
programmed reaction spectroscopy techniqugsadsbirp-
tion on Pd(111) revealed reversible, molecular deso
without any signcant decomposition products, wh
DCOOD adsorption on Pd(111) yielded D,O, CO, and
CO, as a result of dehydration and dehydrogenatiot
pathways. Functionalizing the Pd(111) surface with am
suppressed the FA dehydration and enhanced the de
genation pathway. The boost in the FA dehydrogenation of

Pd(111) in the presence of Nean be linked to the ease of FA deprotonation as well as the stabilization of the decomposition
intermediate (i.e., formate) due to the presence of ammonium counterions on the surface. In addition, the presence of a H-
bonded ammonia network on the Pd(111) surface increased the hydrogen atom mobility and decreased the activation energy
for molecular hydrogen desorption. In the presenceptaldlytic FA decomposition on Pd(111) also yielded amidation
reactions, which further suppressed CO liberation and prevented poisoning of the Pd(111) active sites due to strongly bound
CO species.

1. INTRODUCTION competing pathways, namely the (1) dehydrogenation and (2)

Various recent energy forecasts predict that the global eneé@{—‘ydraﬂon pathways. Since the FA dehydration pathway does

need will continue to grow with an increasing pace in th yield any bl the catalytic selectivity towargldgoverned

: : ; the dominance of dehydrogenation over dehydration.
forthcoming centuryThus, developing sustainable and renews y :
able alternatives for energy harvesting will continue to beF rthermore, CO generated through the dehydration pathway

" X X 0 binds to catalytically active precious metal sites (e.g., Pd) in
critical challenge. Hydrogen-based energy technologies %Fn%extremely strong and irreversible manner at room temper-

among the most promising alternative energy technologies%%a

they are clean, sustainable, and environmentally and ecologi e, leading to permanent site blocking and catalytic
y ’ ’ y 9 onind. ** Hence, the dehydration pathway not only

fl’lel"l.d|y2: A major drawback of hydrogen-based ener9¥ecreases the catalytic selectivity but also suppresses the overall
applications is fuel storage. Since gaseous hydrogen has al%ﬁrgY—term catalytic activity

low mass density (0.089 kd/at STP), storing hydrogen in a

gaseous form brings about numerous cost, safety, and ergonomigCcOOH H+ CO, o= S 33.0 kJ mot
disadvantages. A number of alternative hydrogen-containing 1)
chemicals have been proposed in order to store and release

hydrogen, most of which sved from low hydrogen storage  HCOOH CO H,0 Gjgg= S 13.0kJ mot

capacity and slow hydrogen generation kinetics under ambient @)
conditions. Formic acid (FA) is a widely studied and a FA d i | Vil ¢ i al
promising hydrogen-based energy vector, since (i) it possesse ecomposiuon on several group- ransition-metal
relatively high hydrogen weight percent (i.e., 4.4 wt %), (ii) it i§urfaces such as Bd° Rh," RU%QZl Pt?2 24 cu® #f

in a liquid form under ambient conditions, and (i) it has lowC0: ~ Ag;~ and their bimetallic combinatidh$ias been
toxicity and ammability* Furthermore, FA can be obtained extensively studied under ultrahigh vacuum (UHV) conditions.
from naturally abundant sources such as°@@d renewable
biomass feedstockEhese features make hydrogen productiorReceived: September 13, 2019
from FA a favorable option to be used in hydrogen energyevised: November 2, 2019
applications. Catalytic decomposition of FA occurs via tweublished: November 5, 2019

i i © 2019 American Chemical Society 28777 DOI:10.1021/acs.jpcc.9b08707
upblications
@ J. Phys. Chem.2D19, 123, 2877728788


pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b08707
http://dx.doi.org/10.1021/acs.jpcc.9b08707

The Journal of Physical Chemistry C

It has been reported that one of the key aspects associated witintributions of DCOOD and NHo H, generation. In the
the catalytic action of these metal surfaces is the ability of thessrent work, werst investigate the individual adsorption/
metal surfaces to stabilize the main FA decompositioesorption behavior of Nkind DCOOD on Pd(111) as a
intermediate, i.e., formaten addition to UHV studies on function of the adsorbate coverages via temperature-pro-
two-dimensional planar model catalyst surfaces, numerous laggenmed desorption (TPD). Then, we focus on the interaction
surface arda>° and core/shelf *° catalysts containing between DCOOD and NHon Pd(111) by performing
various transition-metal active sites have also been investigaperature-programmed reaction spectroscopy (TPRS) ex-
revealing high activity and selectivity toward FA dehydrogeperiments, where DCOOD was adsorbed on Pd(111), which
ation. was initially exposed to varying coverageszonidH attempt

Pd is known to be one of the most active catalytic metals thet elucidate the imence of the presence of Brgnsted bases in
can renewably generate ultrahigh purity hydrogen from biomdss dehydrogenation on Pd(111). The results presented in the
side products such as ¥A'" In such heterogeneous catalytic current work reveal valuable molecular-level insights regarding
systems, additional bases are often introduced into the reactiba fundamental understanding of tlee#veness of Brgnsted
medium in order to initiate the reaction. Furthermore, catalytibases in the dehydrogenation processes of FA, which can also be
sites/promoters/support surfaces are also frequently functioextended to other organic acids and carboxylated oxygenates.
alized with basic groups in order to enhance the catalytic H
production selectivity. 2. EXPERIMENTAL SECTION

Earlier UHV studies showed that coordinatively unsaturatqg(perimems were conducted in a custom-made UHV chamber,
group-Vlll transition-metal single crystal surfaces were not al@ich had a base pressure»fl® ° Torr. The chamber was
to carry out the HCOOH dehydrogenation selectively. Foequipped with X-ray photoemission spectroscopy (XPS, Riber
instance, it was shown that Pd(100) decomposed HCOOMg/Al dual anode with a Riber EA150 electron energy
unselectively to yield excessive amounts of CO along Wigha|yzer)7 custom-made low energy electramctipn
H,.*%'51°In accordance with these observations, Barteau et aLEED), infrared reection absorption spectroscopy (IRAS),
reported that a clean Ag(110) surface did not react with FA.TpD, and TPRS modules. A quadrupole mass spectrometer
On the other hand, various other experimental studies reportgng, Ametek Dycor Dymaxion DM200) and a PID-
that many high-coordination group-VIlI transition-metal singlgontrolled linear sample heater (Heatwave, model 101303)
crystal surfaces were able to carry out FA dehydrogenatig@re used for the TPD/TPRS experiments. All of the TPD/
e ectively:>*%*%?**>These ndings were also supported by the TPRS experiments were performed with a heating rate of 1 K/s,
DFT study of Jin et al., which compared the reactivities ofo eV QMS ionization energy, and 30 ms dwell time for each
Pd(111) vs Pd(100) in FA dehydrogenation and reported aPD desorption channel. A Pd(111) single crystal sample (10
higher dehydrogenation capability for Pd(¥ilt)has also  mm diameter 1 mm thickness disc, polished on both sides,
been shown that creating Lewis basic surface oxygen speciegififty >99.999%, MaTeck GmbH) waxed on Ta wires,
transition-metal catalyst surfaces enhanced the dehydrogenajidich enabled cooling of the sample with liquid nitrogen to 90 K
selectivity of FA decompositién** In one of our former  and heating to 1073 K via resistive heating. The temperature of
reports;’ we showed that a large surface area powder catalyse sample was measured using a K-type thermocouple
containing PdAg bimetallic nanoparticle (NP) active siteghickness: 0.005 in., Omega Inc.) that was spot-welded on
promoted with MnQdomains dispersed on amine-function-the lateral facet of the Pd(111) disc. Before each experiment, the
alized Si@supports revealed extraordinarily high activity angbd(111) sample surface was cleaned by using various methods
selectivity in FA dehydrogenation, where amine functionalizéepending on the extent of contamination present on the surface
tionresulted in adrastic increase in €0, gas production  of the Pd(111) sample. Thest method consisted of multiple
rate. It should be noted that the promotingceof Brgnsted  cleaning cycles, where Pd(111) was exposefgio(lOnde
bases in FA dehydrogenation is not unique for Pd active sit@g, purity 99.999%) using a dedicated high precision leak
Forinstance, Yadav et al. also demonstrated that the presencgadfe P,, = 1.0x 10 & Torr, 5 min at 600 K) and subsequently
amine ( NH,) groups grafted on the support material can turnannealed at 727 K for 3 min in vacuum. In the second method,
Au nanoparticles, which are relatively inactive in FAfter exposing the Pd(111) sample to the conditions given
dehydrogenation, into sigrantly active catalysts by improving above, the sample wash-heated to 1000 K and then exposed
the FA adsorption through a process cafitedng metal-  to Ar* sputtering (Ar(g), Linde AG, purity99.999%) with a
molecular support interactiqg®MMSI):"® Similarly, Mori et sputtering gun (LK Technologies, NGI3000, 1:618/mA) at
al. showed that Pdg NP catalysts inside aN(CH),- room temperature (RT), followed by annealing at 1000 K in
functionalized polymer matrix had a sigmitly higher H UHYV for 2 min. The third method included Aputtering at
conversion than Pdg NPs inside other matrices witkedent RT, followed by annealing at 1000 K in UHV for 2 min. The
functional group$.These studies clearly indicate that Brenstedtleanliness of the Pd(111) surface was checked by performing
acid/base chemistry can beeaively utilized in order to blank TPD experiments, wheraethe= 28 desorption channel
improve H production from FA. However, current literature was monitored to verify the absence of strongly bound CO
lacks detailed molecular-level fundamental studies focusingspecies on the surface before conducting the experiments.
the e ect of Brgnsted bases on the selective dehydrogenation oNH4(g) (Linde AG, purity 99.995%) was delivered on the
FA on atomically well-deed group-VIIlI single crystal metal clean Pd(111) sample using a dedicated high precision leak
surfaces. valve. DCOOD (Cambridge Isotopes Laboratories Inc., formic

Therefore, in this study, theeet of NH; on the selective  acid-B, D > 98%, BO < 5%) wasrst transferred into a UHV-
dehydrogenation of doubly deuterated FA (i.e., DCOOD) ortompatible glass bulb in a glovebox to avgiidand CQ
Pd(111) was investigated. The utilization of DCOOD allowedontaminations from the atmosphere, and the container bulb
us to monitor the FA decomposition products in a more precisgas covered with aluminum foil to prevent photochemical
manner and enabled us to afientiate the particular reactions. Before each FA experiment, a fresh dose of
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Figure 1.TPD pro les (v z = 17) obtained after adsorption of Nt 90 K on clean Pd(111) as a function of increasiggddrage.
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Figure 2(a) TPD pro les of DCOOD adsorption on clean Pd(111) with a DCOOD exposgkgs=2* 10 2L at 123 K. Note that some of the
TPD signals are multiplied with the given factors for clarity. Zl5) 2 desorption channel from a blank (control) TPD experiment on a freshly
cleaned Pd(111) surface in the absence of any intentionally added adsorbates.

DCOOD(g) was introduced in the UHV chamber through aalso monitored by followingz = 2 (H,) andm/ z = 28 (N\,)
dedicated DCOOD dosing line, since DCOOD is known tadesorption channel§igure S)L These experiments revealed
decompose upon its long-term interaction with stamlefé% steethat (within the current detection limits) ammonia was
In the current work, exposures of the adsorbate speaes (- adsorbed and desorbed from the clean Pd(111) surface in a
given in units of Langmuir (L, 1 L =110 ® Torrs) and the  pglecular and reversible process without dissociation. The
§urface coverage_);t@f the corresponding adsorbates are g've'NH3-TPD proles given irFigure lsuggest that at least 3

in monolayer equivalents (MLE). di erent ammonia desorption states are discerniblersthe

3 RESULTS AND DISCUSSION state is the low-coveragg state, which has a desorption

. . maximum at 279 K. With an increasjjpg the , state starts to
3.1. Ammonia Adsorption on Pd(111). The NH;-TPD ho !
pro les were obtained by dosing various exposuresafitgH ~ Proaden toward lower temperatures. The second submonolayer

the clean Pd(111) model catalyst surface af9@ute shows  desorption state which is denoted,asarts to appear around
the corresponding data for thez = 17 desorption channel, 0.6 MLE and reaches its desorption maximum around 164 K. A

while some of the other possible decomposition products weftather increase inyy, leads to the formation of thg
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160K DCOOD layer desorption state,), appearing at relatively higher
(a . ;
| 197k on NH,/Pd(111) coverages iRigure 1was also repqrted by Fisher et al. on the
ajl | 244K Pt(111) surfacé and was assigned to the H-bonded
I:\/ i Tads (nw3,ocoop) = 90 K chemisorbed Nfspecies, which were less tightly bound to
N ag3k | Eocoon =2"01°';H the Pt(111) surface. In accordance with this observation, the
/8 (318K o, (mieeas (NH,) lower-temperaturg desorption state on Pd(111) was assigned
=i =k iEH;-’,} 0.1 MLE to NH; species that are more weakly interacting with the
e T 332‘ fm/%zii Pd(111) surface as a result of the H-bonding between the
(b) chemisorbed ammonia species. Finally; thesorption state

can be assigned to the presence of the multilayer ammonia
species, revealing a strong H-bonding network within the
488K ammonia overlayer and a much weaker interaction with the

5
5
F
£
(%]
=
g
S
]
s
£ i Pd(111) surface due to the presence of the underlying ammonia
2 ————— 18 R e monolayer. The TPD pres given iffigure ican also be used
o 38 ey to estimate the relative ammonia coverages on the Pd(111)
—_ (c) surface. In the literature, the saturation of the secopd NH
: desorption state was attributed to the saturation coverage of the
= rst adsorption overlayéf® Hence, in the current work, the
'§ 485K integratgd desorption signal of the red_ curve giﬂiaguil_re 1
2 o) (meean was assigned to 1 MLE coverage, as this curve contains saturated
- TS [ oamLE 1 ar_1d , States le[hout a signant contribution from the
3 B multilayer desorption state.
: 3.2. DCOOD Adsorption on Pd(111)The TPD proles
S (d) given inFigure & were obtained by dosing DCOOD with an
s exposure Ofcoop = 2% 10 2L on a clean Pd(111) surface at
2 \/ 123 K. DCOOD coverage was intentionally kept at a relatively
§ | low value in order to minimize theuence of BO (present as
e E—— R an impurity in the FA feedstock) on FA decomposition
g —"— OuTNH, (mps217) 1.0 MLE selectivity, since it has been reported that water can react with
o : = B W adsorbed CO species and replenish Pd active sites that were
= 207K (e) poisoned with C&' A general glance Btgure 2 reveals
5 desorption signals at¥'z = 4 (D,), 30 (DCO), and 48
-~ 234K (DCOOD), which are in line with the adsorption of DCOOD
’é — 483K species, whereas the existenc& of 2 (H,) and 3 (DH)
LA T o e signals indicates the presence of singly deuterated (DCOOH,
s E— S0 fmasa | 0 HCOOD) or nondeuterated FA (HCOOH) impurities in the
e :: §:’1’""’ (}E/f%){’ ' DCOOD source and/or H-exchange of DCOOD with the
100 200 300 400 500 background H ,O species present on the surface. The insetin

Figure b also reveals the desorption of a minor amount of H
(m'z = 2) in the blank TPD of a clean Pd(111) surface,
Figure 3TPRS proles for DCOOD adsorptiongcoop= 2% 10 L highlighting the presence of a small but detectable amount of
at 90 K) on Pd(111), which was initially exposed to (a) 0.1, (b) 0.4, (C)oackground padsorption. It should be noted thatrtie = 46
0.8, (d) 1.0, and (e) 1.4 MLE of NH signal not only is associated with the DCOO species but also
may have a contribution from the molecular HCOOH
desorption state at 127 K. The general features of ff/EfIH ~ desorption.
pro les on the clean Pd(111) surface givéfigare lare in Discussions of the various desorption signals observed in
very good agreement with the TPD data obtained from othérigure 2 can be grouped in drent thermal windows centered
face centered cubic (FCC) single crystal metal surfaces suclagsa 165, 190, 325, and 485 K. Multiple desorption features
Rh(111)** Au(111)#° Pt(111)#° Ag(111)*” Ni(111)*and  observed ifrigure 2 atca 165 K can be mostly attributed to
Ru(0001)!° The broadening of the TPD signal§igure 1 DCOOD catamers (i.e., oligomeric linear sequences formed by
toward low temperatures can be explained by the presence oftite condensation of DCOOD urfjgormed on the Pd(111)
repulsive interactions between the adsorbed ammonia motenface?and their mass spectroscopic fragmentation signatures
cules on Pd(111) and the existence of dissimilar adsorption sitge similar to the analogous species observed for FA adsorption
and adsorption cogurations. These observations are inon Rh(111j"and Pd(100§° Thenv z = 20 (D,O) desorption
accordance with the computational work of Salli et alsignal appearing at a relatively low temperatad @0 K can
suggesting multiple ammonia adsorption states on the FQ® attributed to the submonolayer desorption of te D
(111) transition-metal surfaces and the presence of repulsivepurity of the FA source. This argument is in line with the
intermolecular interactions between, Nidlecules during the typical desorption temperaturea {70 K) of submonolayer
monolayer formatiofiIn Figure 1the ; desorption state can molecular water on Pd(1E)In summary, the desorption
be assigned to the chemisorbed kiptcies on the Pd(111) features appearingatl60 K are mostly not due to catalytic FA
surface, since it is known that, at low coverages, ammonia&hydration/dehydrogenation/decomposition but rather due to
coordinated strongly to the metal surfaces predominantthe mass spectroscopic fragmentation of catameric and/or
through its lone pair electréfis’®*° The second submono- monomeric FA units.

Temperature (K)
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Figure 4TPRS proles for DCOOD (pcoop= 2% 10 2L at 90 K) adsorption on Pd(111), which was initially exposed to various coverages of NH
n/z=(a) 20, (b) 19, and (c) 18 desorption channels. (d) Corresponding integrated TPRS signal intensitiesf@GH{B,0) channel.
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Figure 5(a) TPRS proles for CQ (v z= 44) production upon DCOOD adsorptiopdoop= 2% 10 2L at 90 K) on Pd(111) which was initially
exposed to various coverages af Mh Corresponding integrated TPRS signal intensitieszfer44 channel.

The second desorption windowigure 2 appears aa 190 any molecular FA desorption features and the presence of
K. Compared to they¥ z= 30 (DCO), 46 (HCOOH/DCOQOOQO), intense CO, B and DH desorption signal3at 190 K suggest
and 48 (DCOOD) signals desorbing at 165 K, intensities ahat FA species are catalytically decomposed into smaller species
these channels at 190 K are sogmitly lower, suggesting a on the Pd(111) surface atl90 K. The DCOOD decom-
limited extent of FA desorption at 190 K. However, the lack gfosition features appearing at 190 Krigure 2 reveal
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DCOOD on NH,/Pd(111): Hydrogen Species
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Figure 6 TPRS proles for DCOOD adsorptiondcoop= 2% 10 2L at 90 K) on Pd(111), which was initially exposed to various coverages of NH
m'z=(a) 4 (D), (b) 3 (DH), and (c) 2 (H,) desorption channels.
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Figure 7Integratedr/ z= (a) 4 (D), (b) 3 (DH), and (c) 2 (H,) TPRS desorption signals for DCOOD adsorptigiybp=2% 10 2L at 90 K) on
Pd(111), which was initially exposed to various coveragesadfIoHK.

Cco di erences in the linear heating rates used in the TPD
experiments (i.e., 1K (current work) vs 10 & * (ref 3)).
Experimentat'®2%22 and theoretical °°studies report the
formation of bidentate formate species on group-VIII metal
surfaces when they are exposed to FA, including the Pd(111)
surface (while the Pd(100) surface reveals an exceftion).
Hence, the presence of thie = 44 (CQ,) signal at 190 K may
suggest that the Pd(111) surface is capable of decarboxylating
the formate intermediate and facilitating the FA dehydrogen-
ation through pathway (1). As will be discussed in more depth in

28 a.u.)

Integrated QMS Intensity (m/z

o 01 04 08 1 14 the forthcoming sections, £@esorption at 190 K is also
(Only DCOOD) accompanied by z = 4 (D,), 3 (DH), and 2 (H) signals,
NH; Coverage (MLE) which are the remaining products of dehydrogefraitso,

Figure 8.Integratedw z = 28 (CO) TPRS desorption signals for them/z_— 20 (D,0) signal pre_sentea 190K |rF|gure acan
DCOOD adsorption feoop= 2% 10 2L at90 K) on Pd(111), which ~ be ascribed to the dehydration accompanying the dehydrogen-
was initially exposed to various coverages Gt K. ation process. The/z = 28 (CO) signal at 190 K can be
readily attributed to the mass spectroscopic fragmentation of

di erences as compared to that of the signals observed for ﬁ:l(e"Z (|nS|d_e the QMS), since ('.) line shape; O.f the
HCOOH/Pd(111) system studied by Barteau et ahe correspondingw/'z = 44 and 28 signals show sigant

reason for the observed atent HCOOH and DCOOD  resemblance and (ii) CO desorption from the Pd(111) surface
decomposition temperatures can be associated with tRésubmonolayer coverages occurs at much higher temperatures
di erences in the dosing temperatures of FA in these twauch as 473600 K due to the strong chemisorption of CO on
studies (i.e., 123 K (current work) vs 170 Keand the  Pd(111)%%+°%8
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Figure 9(a) DCOOD adsorption coop=2% 10 2L at 90 K) on Pd(111), which was initially exposed to 1.4 MLEofiNEE 28, 16, 43, and 45
desorption channels. (b) Comparisomiaf = 45 TPD desorption channels of HCOOH/Pd(111) withrthe = 45 desorption channel of
DCOOD/Pd(111) TPRS in the presence of 1.4 MLE of.NH

The next thermal windowhigure 2 is located &g 325 K. Pd(111) surface. Then, in the forthcoming sections, we will
In order to analyze the nature of thez = 2 (H,) signal provide a detailed account of theuance of NH on the
desorbing at 322 K iRigure 2, the H desorption signal generation of derent dehydration and dehydrogenation
originating from the clean Pd(111) surface (giveigime B) products on Pd(111).
was utilized as a control experimEigure B shows that 3.3.1. Behavior of NHn the Presence of DCOOBN
background Hadsorption on clean Pd(111) leads to,a H inspection of the Ni{nY z=17) desorption prdes inFigure 3
desorption signal at 335 K with a distinct high-temperatureeveals that there are two majorMesorption signals located
desorption tail extending toward elevated temperatures (matca 160 K andcca 232 274 K. The NH desorption state
probably due to recombinative desorption of subsurface &ppearing at 160 Kifigures & 3e can be assigned to the
species). Derences in Hdesorption maxima and the lack of state observed iRigure A, which is due to molecular
the high-temperature desorption tail in g = 2 (H,) adsorption/desorption of H-bonded NMpecies loosely
desorption channel in the DCOOD/Pd(111) TPD data suggesbound to the Pd(111) surface. The presence of H-bonding
that the origin of this signal is most likely not due to backgrountH3 species even at these lowsélerages may indicate the
H, adsorption. Furthermore, considering thereince in the  disruption of the H-bonding network of the catemeric DCOOD
scale bars of the TPD plots gi¥eure 2 andb, itis clearthat ~ Species by ammonia, since the presence of Lewis basic functional
the extent of Kidesorption in the DCOOD/Pd(111) TPD data groups on the Pd(111) surface is also known to disrupt the FA
is greater than that of the clean Pd(111) surface. Therefore, t@tamer formatiori.Moreover, a shift of the catameric FA
m/ z=2 (H,) signal irFigure 2 located in the close proximity of desorption features from 165%g(re 2) to 160 K figure 3
them/ z = 3 (DH) and 4 (D) signals was assigned to be a FAafter NH; functionalization (i.e., a 5 K decrease in desorption
dehydrogenation product along with DH apdfi2cies. maxima) is also in accordance with the suggested weakening of

The last temperature windowFigure 2 is positioned aa the H-bonds between the DCOOD catamers and the formation
485 K and presents a strong = 28 (CO) desorption signal  of new H-bonding interactions between; ldhid DCOOD
whose desorption maximum is in accordance with the formgpecies. Therefore, the 160nkz = 17 signal can also be
work of Barteau et ‘& The absence of anyz = 44 (COy) attributed to NHspecies, which are directly interacting with the
desorption signal at this temperature suggests that the origif OOD catamers through H-bonding (possibly, along with a
this desorption signal is CO(g), which is generated as a produgtnor contribution from the background water/OH species
of the catalytic FA dehydration. present on the catalyst surface). _

3.3. DCOOD Adsorption on NH-Functionalized Pd- Figure & shows that the secantz = 17 desorption feature
(111). We also investigated DCOOD adsorption on Pd(111)desorbs at 274 K af;, = 0.1 MLE ammonia coverage, and this
which was initially exposed to various coverages (Fiytite desorption temperature is consonant with the desorption
3). In the next section, we wilist focus on the general temperature of the, state observed Figure Ifor strongly
desorption behavior of DCOOD from Pd(111) in the presencéound chemisorbed Nién Pd(111). Furthermore, the peak
of NH; in comparison to DCOOD desorption from the cleanintensity of this higher temperaturéz = 17 feature
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signi cantly increases as a function of increasinpgdVerage,  2)-oxygen on Pd(111) as well as sodium oxide overlayers and K

while its desorption maximum shifts from 274 to 232 K, which sn Pd(100) surfacés'*'® Comparing the TPRS data in

also in line with the behavior of submonolayer chemisorbdegures 36 also suggests that duringMNéatilitated DCOOD

NH; species (i.e., state) present iRigure 1 dehydrogenation on Pd(111), various desorbing species (along

3.3.2. Eect of NH on Water (DO, DHO, and }D) with their isotopically labeled derivatives) leave the surface in

Production As can be seen frdfigure 8, the TPRS data for the following order: (i) water speciesafl90 K, (i) CQ at
nH, = 0.1 MLE yield a noticeably smatiez= 20 (D,O) signal 197 216 K, (iii) NH; species at 23274 K, (iv) hydrogen

at 190 K with respect to that of the DCOOD/Pd(111) data SPecies at 30360 K, and (v) CO species at >485 K.

given irFigure A. This comparison reveals that functionalizing The presence of the deuterated ammonia specig$ 4N®

the Pd(111) surface wit,, = 0.1 MLE NH suppresses the DH,) in Figure & and the broadening of théz = 46
L . . (DCOO) desorption signaFigure SBcan be considered as an
D,0 formation (i.e., hinders the dehydration pathyvay (2)). Thefndication of DCOOD deprotonation assisted by, N
?ovrfrzgltlioieggr?gyskgecr?\r%eg?gaeoan thressugpgﬁsé'ioﬂ Ofdwaterpd(lll), since it was also reported in the literature that Lewis/
. ﬁyg_ 0. Figure ¢ . Brgnsted basic functional groups deprotonate the acidic proton
also shows the same trend in a semiquantitative fashion via G AL21834 Thus. it is likely that some of the adsorbeg NH

mheg£§$eﬂ Ze:s z?vé%gg ;—TIIi:\;tSOSII‘%?naII:QmLegESIStgsr ];OII‘iS\{{a(;]ICOUS species on Pd(111) may also exist in a protonated form such as
8 9es g 9 8 ammonium cations during the FA decarboxylation process.

the particular integration temperature intervals used in tr"]elﬁnerefore, the stabilization of the FA decomposition inter-

COEiStLl;gtg)gh(ngS‘?hh;ﬁg?TSzg'(\/Deznol)n_l_tgg gsa?mn;elxai't)l% mediate could be associated with the ammonium formation, as
9 - 9 the ammonium cation can act as a counterion to stabilize the

K becomes narrower and thg@RQiesorption signal at 190 K : : g
continuously attenuates with increasing ddierages within Segatl\/tely chargled formate spe%;;.‘;l' hqu the Or:g'régﬁ the CO
0 1.0 MLE. However, at higher Ntbverages (i.eyy, = 1.4 esorption signal appearing at INrigures andoa

' 9 9 NH3 can be tentatively ascribed to the decomposition of an
MLE), the DO desorption signal at 190 K starts to broadenammonium-formate ion pair (i.e., [NfPH [DCOO] ) on
again. Therefore, it is apparent that the DCOOD dehydratiopd(111).
pathway (and thus .0 formation) is suppressed as a function  Former computational studies emphasized the importance of
of NH; coverage within 0.0 MLE, while higher NH  having the right reaction intermediate in order to drive FA

coverages start to weaken these _ decomposition toward dehydrogenation. Some of these former
A quite similar trend is also visible for the desorption of othanFT studies predicted that, even though the formation of the
water species (DOH and®) presented iffigures B andAc. carboxyl (COOH) intermediate is less favorable than the

In addition, newr/ z = 20, 19, and 18 desorption features alsoformation of a formate (HCOQintermediate on the Pd(111)
become discernible at 233 K f@y, = 1.0 1.4 MLE Figures  surface, COOH also forms on the Pd(111) surface along with
4a 4c). Since the desorption temperatures of these featurtie formate speci&s? Furthermore, COOH can yield either
perfectly overlap with the NHesorption maxima observed in FA dehydration or dehydyenation, while the HCOO
Figures @ 3e, we believe that these mez = 20, 19, and 18 intermediate predominantly leads to dehydrogenation on
desorption featureshigures @ 4c can be attributed to ND Pd(111)>* These ndings, along with current and former
ND,H, and NDH, species, respectively, as well as other speciesperimental studigs? suggest that £ formation during
containing amine functionalities, as will be discussadiim catalytic FA decomposition on Pd(111) is suppressed in the
3.3.6 presence NH due to the stabilization of the formate
3.3.3. Eect of NH on CQ Production.On the Pd(111) intermediate.
surface, the imence of Njon CO, formation from FA reveals Figures 37 show that enhancement in FA dehydrogenation
an opposite behavior as compared to the formation of the watapability of Pd(111) increases with increasingbildrages
species. It can be seerfFigures &and5a that thenyz = 44 within 0.1 1.0 MLE, while higher NHtoverages result in the
(CO,) TPRS signals locatedcat 190 K (that are due to FA weakening of this ect. It is likely that at extremely highsNH
decomposition and catalytic dehydrogenation) become broadmverages, ammonia starts to block active sites on the Pd(111)
and stronger with increasing ammonia coverage, suggestirgpidace and leads to poisoning.
boost in catalytic Cproduction. Since the production trends  3.3.4. Eect of NH on D, ProductionAs it can be seen from
of CO, (Figure B) and DO (Figure 4) as a function of NH Figures & andra, thar z=4 (D,) desorption signals obtained
coverage reveal opposite behaviors, it can be arguedsthat Nkiring FA decomposition on Pd(111) in the presence of NH
facilitates FA dehydrogenation and enhances hydrogshow a matching pattern with that of e = 44 (CQ)
production selectivity while hindering FA dehydration. desorption channeFigures & and5b). In other words, P
Furthermore, it can also be seéndanre & that the presence production increases with increasing dti¥erage up to 1.0
of even a very low coverage o lt¢., 0.1 MLE) leads to a MLE, enhancing the dehydrogenation and suppressing the
positive shift (from 190 to 197 K) in gQlesorption dehydration processes.
temperatures, which may be linked to the stabilization of theln contrast to the corresponding f&f@sorption signals, the
FA decomposition intermediates by adsorbedspitties. At  presence of Nfbn the Pd(111) surface shifts thelBsorption
higher NH coverages (i.e., 0.4 MLE), a new high-temperatureemperature toward lower temperatufégu(e @). The
CO,desorption signal appears at 216 K, suggesting the presedeerease in the,Rlesorption temperature as a result of the
of a di erent strongly bound intermediate (possibly a format&H functionalization of Pd(111) is quite important, since it
species stabilized by its interaction with)NWhich is not  suggests that the enhanced hydrogen production selectivity is
present in the case of the DCOOD/Pd(111) systeigu(e also accompanied by a lowered activation energy for molecular
2a). The stabilizing ect of ammonia on the decomposition hydrogen production from FA. It should be noted that such a
intermediate is in accordance with the stabiliztseof (2¢ favorable case is not commonly observed for the interaction of
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FA with various functionalized Pd surfaces. Similar to ammonémergies of such species on the same Stfanee @ clearly
other co-adsorbates are also capable of increasing the fornsdtews that functionalizing the Pd(111) surface yyjk= 0.1
stability on various Pd surfaces. In contrast to adsorbates sucMa& of ammonia decreases thdé&>orption temperature from
Na, K, and O (which lead to an increase jrdésorption 325 to 311 K, which also corresponds to a decrease in the
temperature}>***°*NH; decreases the desorption energy of H adsorption energy of,Bn Pd(111) upon NKfunctionaliza-
by decreasing the desorption temperature. tion; this is concomitant to an increase in the surfacsafi

The contribution ofy,, = 0.1 MLE ammonia coverage to the rate of atomic D species on Pd(111) in the presence of

D, formation reaction rate constant can roughly be estimated Bjnmonia. Hence, it can be argued that ammonia has an
using the basic TPD mod&Jhe rate of desorption during a additional positive contribution to the dehydrogenation rate of

TPD experiment can be estimated as follows: FA by increasing the mobility of D atoms on the Pd(111)
- surface, which results in a simultaneous stabilization of the
= Sd = L formate intermediate and a decrease in $hdeBorption
dT (3) temperature, where this increase in the mobility can be

associated with the hopping of D atoms via a hydrogen-bonding

where is the coveragé,is the Arrhenius desorption rate network created by the surface ammonia species or decreased

constant, is the linear heating rate (in K/s), amds the adsorption energy of D atoms on Pd sites.

desorption order. Hence, the desorption rate, ffiobh the 3.3.5. Eect of NH on DH and H Production As can be

clean Pd(111) surfacer(4) and the desorption rate offom seen fronfrigure B, DH formation from DCOOQOD follows the

the \u3 = 0.1 MLE ammonia-functionalized Pd(111) surface ; . .
(eq 9 can be written as same trend with .-Dand CQ formation as a function of

increasing ammonia coverage on Pd(111), while the integrated

S 1_kin TPRS intensities af z = 2 (H,) given inFigure ¢ follows a
T - @) somewhat derent trend (most likely due to the contributions
. to this signal from background)HOn clean Pd(111),
S 5 _kym DCOOD adsorption leads to DH desorption at 335 K and H
T, -T2 ) desorption at 322 Kr{gure a), whereas on the ammonia-

functionalized Pd(111) surface, both DH andiésorption
For both cases, it can readily be assumed that,the Rake place ata 315 K Figure 6,c). The decrease in the
formation/desorption is a recombinative process smythat  desorption temperatures ofatient hydrogen species in the FA
m, = 2. Whileegs 4and5 cannot provide direct information dehydrogenation of Pd(111) upon NHinctionalization
about the rate constakisandk; (since absolutef@overages  demonstrates the favorableat of ammonia. Similar tg D
are not known for either of these cases), divididpyeq 5  formation Figure @), the desorption temperatures of DH
removes the necessity of having knowledge about the absolgure 6) and H, (Figure 6) do not change further when the

D, coverages. In other words, the ratio of the integvatedd  ammonia coverage is varied withinDAMLE, which suggest
(Do) TPRS signals can be used instead of the correspondifiat the formation of all hydrogen species share similar
ratio of absolute coverages. Also, note thgd land5, = intermediates and mechanistic routes.

since initial Dcoverage on the surface is zero in all cases. After3.3.6. Eect of NH on CO Productiorzigure $resents the
these modbations, the ratio of the rate constants for D integratedn z = 28 (CO) TPRS signal for FA decomposition
desorption on DCOOD/Pd(111k({) and D, desorption on  on Pd(111) functionalized with various coverages gf NH
NH-functionalized DCOOD/Pd(1118) can be expressedas These signals are obtained by integrating the high temperature
follows: CO signals locatedBt> 470 K. Since ammonia suppresses the
K, T, , FA dehydration path, it can be expected that CO desorption
P = BEA should also be suppressed along with water desorption.
2 11 ) However, as can be seen fromRigerre 8 unlike the BO
where T, and T, are the corresponding temperature data given irFigure 4, CO formation does not decrease
di erences between the beginning and ending temperaturegnginotonically as a function of increasing ammonia coverage.
the relevant Pdesorption signals in the TPRS data. For Inorderto explain this unexpected behavior, the data given in
instance, on the clean Pd(111) surfag@leBorption due to  Figure 9can be considered. In addition to the desorption of
DCOOD adsorption takes place within Z8R K, whereas on  molecular species due to noncatalytic processes &ati60K,
the nu, = 0.1 MLE ammonia-functionalized Pd(111) surfacefa shows that in the presence of an initial ammonia coverage of
D, desorption takes place within 2486 K. After pluggingin 4 MLE, the DCOOD adsorption on Pd(111) leads to

the required parameters istp§ the relative ratio of the rate 2dditional NH, and CO desorption signals at 234 K. Since
const:gnts cag be found astIDG molecular CO desorbs at much higher temperatures from the

Pd(111) surface, the CO desorption at 205 K along withzhe
ﬁ 0.7 = 16 ( NH,), 43 ( NCO), and 45 (NCHO) desorption
K, ' signals observed at 205 K can be assigned to species containing

. S ] both amine and carbonyl functionalities. We tentatively assign

This crude estimation predicts that the presengg,6f0.1 this species to formamide (i.e. ,SHO and/or its deuterated

MLE ammonia on Pd(111) enhances the catabfiiciation analogues). Note that thiez = 16 desorption signal cannot be

rate from DCOOD by a factor of 3/7 (or by 43%). attributed to methane (GHformation as it is not an expected
Furthermore, a computational study of Nilekar et al. reportegroduct of catalytic FA decomposition on Pd(111). Alsu, the

that the magnitude of the dsion barrier of the atomic or z=16 ( NH,) peak occurring at 234 Krigure @ can readily

molecular species on transition-metal single crystal surfaceshamssigned to the desorption of chemisorbgdrhitd the

be estimated by takiog 12% of the corresponding adsorption Pd(111) surface. The control experiments proviééglire &
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