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A Spectroscopic Study of Supported-Phosphate-Catalysts
(SPCs): Evidence of Surface-mediated Hydrogen-Transfer

Daniyal Kiani” and Jonas Baltrusaitis*"”

Supported-phosphate-catalysts (SPCs) are a versatile class of
heterogeneous materials used in various industrially relevant
processes including Fischer-Tropsch synthesis (FTS), selective
catalytic reduction (SCR) of NO, with NH;, and Guerbet reaction
of C,H;,OH to n-C,H,OH. Herein, model SPCs synthesized by
impregnating various supports with phosphoric acid were
studied using in-situ chemical probe temperature-programmed-
desorption infrared spectroscopy. Hydroxylation of the catalyst
surface was observed during the temperature ramp on all SPCs.
This behavior was not observed on the bare supports during
identical experiments. The results indicate that hydroxylation of
the surface occurs via sacrificial hydrogen-transfer reaction,

Introduction

Solid acid catalysts (SACs) are highly important to the chemicals
industry due to their largescale use in a variety of reactions."
SACs have especially been heavily utilized in petroleum refining
where they are employed in over 180 industrial processes.”
Besides the petroleum refining application, SACs find use in
various renewable energy and commodity chemical trans-
formations such as the Friedel-Crafts reaction, esterification,
dehydration or hydrolysis. Examples of SACs include zeolites,
metal oxides, mixed metal oxides, heteropolyacids, bulk and
supported phosphates and sulfates.” Among the reported
SAGs, sulfated metal oxides are the most commonly used for
the reactions requiring super-acidity, but they are sensitive to
moisture and unstable due to sulfur leaching."™ On the other
hand, phosphate-based SACs are largely known to be resistant
to water-poisoning and hence more desirable.”’
Phosphate-based catalysts have also been reported to
facilitate reactions where surface acidity is not necessarily
critical, yet the underpinning role of the surface phosphate sites
during the catalytic cycle is not fully known, as in reactions
including (i) Guerbet reaction,® (ii) selective catalytic
reduction,” (iii) oxidative desulfurization,” (iv) hydrogenation,
and (v) Fischer-Tropsch synthesis (FTS).” In this study, such
catalysts are referred to as the supported phosphate catalysts
(SPCs). A common trait of the catalytic reactions taking place on
SPCs is the presence of hydrogenation step(s) in the overall
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where the chemical probe (NH; or C;H;OH) can be utilized as
the hydrogen-donor. Results herein also show that the extent
and the rate of hydrogen-transfer reaction depend on the
identity of the support, phosphate loading, and identity of the
hydrogen-donor molecule. Surface Brgnsted acid sites (P—OH)
do not contribute to the reaction and P=0 surface sites are
proposed as the active sites for the observed hydrogen-transfer.
Based on the current work, it is suggested that any catalytic
reaction that involves hydrogenation over phosphate-promoted
or phosphate-based catalysts needs to account for the surface-
mediated hydrogen-transfer capability of the phosphate sites in
the overall reaction mechanism.

reaction mechanism, where it can occur either via hydrogen-
transfer or hydrogen-spillover depending on the hydrogen
source. For example, during the Guerbet reaction of ethanol
(C,HsOH) catalytic conversion to n-butanol (n-C,H,OH) over
phosphate-based calcium hydroxyapatite (HAp) catalyst, a
recent report showed that Meerwein—Ponndorf—Verley (MPV)
type hydrogen-transfer occurred to hydrogenate butanal sur-
face intermediate using C,H;OH as the sacrificial H-donor, most
likely over P—OH surface sites.’ Likewise, during NO, SCR with
NH; where phosphate-promoted catalysts are also utilized,® it
is generally accepted that hydrogen-transfer from adsorbed
ammonia (NH;*) to produce NH,* and H* active species is one
of the key steps in the overall mechanism where the transferred
hydrogen reduces the active metal oxide site (M=0) to M—OH.”'
Lastly, phosphate-promoted cobalt-based catalysts are often
employed for FTS using syngas to produce higher
hydrocarbons,” where hydrogenation of surface adsorbed CO is
a critical reaction step."” Little direct evidence corroborating an
active role of surface phosphate sites in the hydrogen-transfer
reaction can be found in the literature. In one instance,
hydrogen-transfer was studied mechanistically on P=O contain-
ing moiety in a molecular complex" providing the first
experimental evidence of reduction-coupled oxo activation
(ROA) mechanism, which is similar to the proton-coupled
electron transfer (PCET) mechanism."" Elsewhere, an IR study of
SiO,-supported phosphate catalysts reported the formation of
new surface —OH sites upon NH, adsorption on the catalyst but
did not expand upon the observed phenomenon and the
underlying mechanism."? Therefore, it is critical to elucidate
whether surface phosphate sites in SPCs can participate in
hydrogenation (via hydrogen-transfer or hydrogen-spillover)
since numerous reactions catalyzed by SPCs include hydro-
genation step(s).*274*'"

© 2021 Wiley-VCH GmbH


https://doi.org/10.1002/cctc.202001897
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.202001897&domain=pdf&date_stamp=2021-02-17

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemCatChem doi.org/10.1002/cctc.202001897

The present work generates fundamental, molecular-level
insights regarding the structural dynamics and the resulting
properties of SPCs via chemical probe-temperature-pro-
grammed-desorption diffuse reflectance infrared Fourier trans-
form spectroscopy (probe-TPD-DRIFTS). Results herein provide
spectroscopic evidence of surface phosphate sites participating
in surface-mediated hydrogen-transfer reaction in all studied
SPCs. Current results also elucidate various parameters that
influence hydrogen-transfer rate over SPCs including P-loading,
the identity of the support, the identity of the sacrificial H-
donor molecule, and the surface acidity of the catalysts.

Experimental

Supported phosphate catalyst (SPC) synthesis

All SPCs were synthesized by impregnating ~0.5 ml aqueous H;PO,
solution (Sigma Aldrich, W290017-1KG-K) corresponding to 5 wt% P
loading (elemental basis) onto various oxidic supports including
Si0,, ALLO;, TiO, Zr(OH),. The resulting powder was dried overnight
under ambient conditions and then for 2 hr at 120°C under air
flow. Finally, the SPC was calcined at 500°C for 5 hr before cooling
to room temperature under air flow. HAp was prepared via
cO—Precipitation from a solution of calcium nitrate (Sigma Aldrich,
C1396-500g) and ammonium phosphate (Fisher; A684-3) where Ca/
P molar ratio was ~1.67. The pH of the solution was sequentially
increased to ~10 with NaOH (Merck EMSURE 1.06498.0500) so HAp
precipitated out. The resulting suspension was stirred overnight
before vacuum filtering. The filtered powder was dried in air at
120°C for 2 hr and calcined in air at 500°C for 4 hr. All supports —
SiO,: Sigma Aldrich, Davisil grade 636; 236802-100G; TiO,: Sigma
Aldrich, 232033-100G; Zr(OH),: MELcat XZ0880/01, FP99999; Al,O-;
Sasol, SBA-150 — were used as received.

In-situ DRIFTS Analysis

The in-situ DRIFT spectra were collected using a Thermo Nicolet
iS50 FT-IR spectrometer equipped with a Harrick Praying Mantis
attachment (model DRA-2) for diffuse reflectance spectroscopy.
Spectra were taken using an MCT detector with a resolution of
~4cm™' and an accumulation of 96 scans. Approximately ~20 mg
of each catalyst in powder form was loaded into an environmental
cell (HVC-DR2, Harrick Scientific). The collection of the initial
background was performed by first optimizing the beam path and
IR absorption signal using the height of the full Harrick sample cup
then removing the Harrick cell and placing a reflective mirror in the
laser path. A spectrum was collected using the reflective mirror and
was used as the background spectrum throughout the experiment.
The catalysts were first cleaned of any residual hydrocarbons and
dehydrated at 400°C under 10%0./N, gas mixture at ~30 ml/min
flow rate, cooled to 120°C under 10% O,/N, and flushed with
UHP5.0 N, (Praxair Prospec) at 30 ml/min flow rate for ~ 15 minutes.
Once the temperature equilibrated, the dehydrated catalyst at
120°C was taken as then taken as the background before
proceeding to adsorption. The catalysts were then subjected to
adsorption at 120°C of either 1% NH; in N, or ethanol vapor
obtained using UHP5.0 N, at 30 ml/min flow rate bubbled through
pure ethanol for ~30 minutes followed by flushing with UHP5.0 N,
at 30 ml/min flow rate for another 30 min to remove residual
physisorbed molecules. The temperature was subsequently ramped
from 120 to 400°C at 10°C/min, while a spectrum was collected
every minute.
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To compare the rate of surface hydroxylation (i.e activity of various
SPCs towards hydrogen-transfer), normalized absorbance for each
SPC as a function of time and temperature is compared. Here, the
peak intensity at t=0 min, T=120°C was normalized to be 0, while
the maximum peak intensity at t=30 min, T=400°C for the new
P—OH peak in each SPC was normalized to be 1. The normalized
peak intensity is then plotted from 0 to 1 as a function of time and
temperature, with the slope giving the apparent rate (min~') for
P—OH evolution. By comparing the initial rate of hydroxylation (t=
0-5 mins; T=120-170°C), inadvertent differences and potential
diffusion limitations between the various catalysts were minimized
provided even at low conversion.

Results & Discussion

Nature of surface phosphate sites of SPCs via in-situ DRIFTS
analysis

To understand how the support affects the resulting surface
sites of SPCs, different support materials including SiO,, Al,O;,
Zr(OH), and TiO, were used and contrasted with HAp-a
phosphate catalyst used to catalyze Guerbet reaction, known to
possess surface phosphate sites.**'® Representative SPCs were
prepared via incipient wetness impregnation of the pore-
volume equivalent of H;PO, solution onto the supports while
keeping nominal P loading of 5%. In-situ dehydrated DRIFT
spectra of bare supports and the resulting SPCs are presented
in Figure Ta-e. As seen in Figure 1a, bare Al,O; exhibits three
major IR peaks at 3560, 3688, and 3730 cm™' corresponding to
hydrogen-bonded hydroxyls, HO-u,-Al, (type Ill) and HO-p,-Aly,
(type llg), respectively." Al,0,-SPC exhibits two observable
peaks at 3678 and 3790 cm ™' due to the surface P-OH and HO-
w-Aly (type 1) groups,"* respectively. The surface P-OH sites
in HAp (Figure 1b) are evidenced by the 3674 cm™' peak, while
the 3568 cm™' peak corresponds to both bulk and surface
Ca—OH groups.”*™ Bare Zr(OH), exhibits weak shoulders at
3690, 3750, and 3770 cm™' corresponding to tri-bridged, bi-
bridged and terminal Zr—OH groups, respectively,"® as seen in
Figure 1c. Zr(OH),-SPC exhibits two intense peaks at 3673 and
3763 cm™, tentatively assigned to surface P-OH and terminal
Zr—OH groups. Bare TiO, (Figure 1d) exhibits one intense IR
peak with two minor at 3670 cm™' with shoulders at 3640 and
3695 cm™', corresponding to surface —OH from the anatase
phase of TiO, reported in the literature.'” TiO,-SPC exhibits two
IR peaks at 3640 and 3662 cm™, assigned to Ti-OH and P—OH
groups, respectively. Lastly, as seen in Figure 1e, bare SiO,
exhibits only one major IR peak at 3745 cm™, corresponding to
terminal Si—OH groups. The Si0,-SPC contains two IR peaks at
3667 and 3745 cm™, assigned to surface P-OH and terminal
Si—OH groups, respectively. Since SiO,-SPC provides the most
unequivocal band assignment of surface P—OH sites owing to
the singular Si—OH IR peak at 3745 cm™', the P—-OH assignment
to 3667 cm™~' was further confirmed by varying the P-loading,
where an increase in P-loading led to an increase in the
3667 cm™' peak (Figure S1), corroborating the P—OH assign-
ment. After studying the dehydrated SPC catalysts as a function
of various (hydr)oxide supports, the analysis was performed to
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Figure 1. In-situ dehydrated DRIFT spectra taken at 120°C after oxidative dehydration for ~1 hr at 400 °C of bare supports (black) and SPCs (colored): (a) Al,O5/
Al,0;-SPC, (b) HAp, (c) Zr(OH),/Zr(OH),-SPC, (d) TiO,/TiO,-SPC, (e) SiO,/SiO,-SPC. (f) P-OH peak positions as a function of support cation electronegativity

showing the absence of the correlation.

determine if electronegativity of the cation of the support an
influential parameter in tuning the activity of supported
heterogeneous catalysts!'” correlated with the surface P-OH IR
peak position and hence the P-O—H bond length across various
SPCs. As seen in Figure 1f, no correlation is observed and the
P—OH IR peak position does not change systematically as the
Sanderson electronegativity of the support cation increases
from 0.90 (Zr*") to 2.14 (Si*%). This further implies that the
P—(O—H) bond lengths in each SPC do not change as a function
of the support and remain relatively similar across various
supports.

Next, the SPCs were probed with NH; to elucidate the
nature of surface acid sites on these catalysts. It should be
noted that the surface acid sites of the support may also
contribute to the observed NH;-DRIFTS spectra and the
individual contributions from either support or the phosphate
groups can not be decoupled in the IR spectra. Therefore, the
general trends are discussed. As shown in Figure 2a, all SPCs
exhibit Brgnsted acid sites (BAS) due to P—OH and possibly
X—OH where X indicates support cation, as indicated by the IR
peaks due to the surface NH," at 1430-1480 cm™' and 1675-
1700 cm™'. Moreover, besides HAp and TiO,-SPC, other SPCs
also exhibited weaker bands at ~1300-1340 and 1580-
1620 cm™' corresponding to surface-bound NH, species on
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Lewis acid sites (LAS). Provided that a blue-shift in the BAS and
LAS peak positions is indicative of higher strength acidic sites,”
the peak positions for LAS and BAS are plotted as a function of
support cation electronegativity in Figure 2b, ¢, respectively. It
can be seen that as the cation electronegativity increases, the
LAS strength of the surface sites increases, which can either be
the metal ions of the support or the unsaturated P surface sites.
On the other hand, BAS strength does not exhibit a strong
correlation with cation electronegativity albeit an overall
increase with increasing electronegativity of the support was
observed. Provided the lack of correlation between P—OH IR
peak position (thus P—(O—H) bond length) and the support
cation electronegativity shown in Figure 1f, the dependence of
the strength of acid sites (LAS 4+ BAS) on support cation electro-
negativity shown in Figure 2b--c suggests that the differences
in strength are most likely due to the ligand field effects
(M—O—P; M=Zr, Al, Ti, Si, Ca). A similar ligand-field effect of the
support cation electronegativity on electronic structure and
reactivity of surface overlayers has been reported in the
literature for transition metal oxides supported on (hydr)oxide
supports.['%d
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Figure 2. (a) In-situ DRIFT spectra of SPCs taken at 120°C after NH;
adsorption and N, purging. Correlation plot for (b) LAS IR peak position and

(c) BAS IR peak position as a function of the support cation electronegativity.

Only SiO,, Al,O; and Zr(OH), exhibited observable IR peaks from NH; on LAS,
other supports either had very weak LAS and/or a small population of LAS.
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diminish. As the temperature increases and adsorbate desorbs,
the catalyst surface is also expected to lose surface —OH due to
dehydration/dehydroxylation at higher temperatures. However,
an interesting and unexpected phenomenon was observed
upon comparing NH;-TPD-DRIFTS for the bare supports with
the corresponding SPCs, shown in Figure 3a—h. On bare
supports (Figure 3. a, b, ¢, and d), surface dehydroxylation/
dehydration occurs upon temperature ramp from 120 to 400°C,
as evident from the negative peaks marked in black. However,
for all SPCs (Figure 3. e, f, g, and h), while some loss of surface
—OH groups is still observed, a systematic surface hydroxylation
was also observed during the temperature ramp. The IR peaks
signifying this hydroxylation of the surface are marked in green
and are always seen on the shoulder of the initially consumed
surface —OH group (X—OH and P—OH). This behavior was also
observed in the HAp catalyst, shown in Figure S2. Since the
temperature ramp was conducted under the flow of inert N,,
the only source of hydrogen that could hydroxylate the surface
would be the initially adsorbed NH;/NH, ™ species. This suggests
that SPCs were able to activate the N—H bonds to transfer the
hydrogen from the adsorbed species to neighboring O atoms,
creating new —OH sites, which effectively serve as spectroscopic
evidence of surface-mediated hydrogen-transfer reaction.

Although spectroscopic evidence is not always provided,
such hydrogen-transfer phenomena were also reported recently
for HAp catalyzed Guerbet reaction, where C;H;OH acted as the
sacrificial H-donor to directly hydrogenate butanal intermediate
to yield butanol product over the P-OH/OH™ surface sites.*"
Likewise, K;PO, solid catalysts were shown to be effective in
catalyzing hydrogen-transfer from sacrificial H-donor alcohols
to aldehydes and ketones via a cyclic transition state involving
the surface P—OH sites.”" Another study also provided evidence
of possible involvement of surface phosphate sites in hydro-
gen-transfer in phosphate-promoted Pt/CeO, catalysts, where
H, was used as the hydrogen source.™ It was shown that P-
promotion led to enhanced hydrogenation at the surface sites,
although the authors of that study did not expand on the
mechanistic details of surface phosphate sites towards the
enhancement.® Based on the universally observed hydroxyla-
tion behavior upon temperature ramp, it can be argued that
surface phosphate sites can transfer a hydrogen atom from
adsorbed NH; species, which act as the sacrificial H-donor, to
hydroxylate neighboring O-atoms yielding new surface —OH
sites (P—OH and support—OH). This hydrogen-transfer mecha-
nism is also corroborated by one of the most detailed reports
on SiO,-SPCs, which studied the H;PO,/SiO, system with IR
spectroscopy."? As observed in the present study, the forma-
tion of surface —OH sites upon H,O or NH; adsorption and
temperature ramp was also reported, but not elaborated
upon.™?

Lastly, to understand the relative rate of surface hydrox-
ylation via hydrogen-transfer occurring on various SPCs, the
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Figure 3. In-situ DRIFT spectra taken at 120 °C after NH; adsorption and N, purging during temperature ramp from 120 to 400 °C for: bare supports (a: Al,O;, c:
Zr(OH),, e: TiO,, g: SiO,) and corresponding SPCs (b: Al,O5-SPC, d: Zr(OH),-SPC,f: TiO,-SPC, h: SiO,-SPC).IR peak positions marked in black signify
dehydroxylation while those in green signify hydroxylation.

normalized absorbance for each SPC as a function of time and  following order: H;PO,/Zr(OH),>HAp ~H;PO,/TiO, >H,PO,/
temperature was compared, shown in Figure 4a. Figure 4a  Al,O;>H;P0O,/SiO,. This apparent trend in the initial rate of
suggests that the new P—OH peak growth rate (especially the  hydroxylation going from Zr(OH),-SPC to SiO,-SPC correlates
initial rate of P—OH growth) proceeds fastest to slowest in the  with the Sanderson electronegativity of the support cation
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value of dl/dt at that time t=5 min(170°C).

(Figure 4b; r*=0.78). As the electronegativity of the support
cation increases, the initial rate of hydroxylation (and of
hydrogen-transfer reaction) decreases linearly. The hydrogen-
transfer rate trend is also opposite to the observed trend in
acidic strength of surface sites; SPCs with weaker acidic sites
have a faster rate of hydroxylation via hydrogen-transfer. A
similar trend was reported for hydrogen-abstraction activity
during methanol oxidation where supports with lower cation
electronegativity yielded more active catalysts than higher
electronegativity counterparts.'® Specifically, the more electro-
positive ligands (Ti-O—X and Ce—O—X where X is the identity of
the active metal) exhibited higher turnover frequencies than
the electronegative ligands (Al-O—X and Si—O—X).'*¥ Quantum
mechanical calculations in the literature further corroborated
that the H-abstraction step was strongly dependent on the
density of accessible electronic states in the support cation,
thereby providing a possible theoretical explanation of the
ligand effect."® Therefore, a similar underpinning mechanism
can be envisioned for SPCs where electropositive ligands
(Zr—O—P, Ti—O—P, Ca—O—P) impart synergistic electronic effect
in comparison to more electronegative ligands (Si—-O—P) for
surface phosphate sites towards hydrogen-transfer reaction.

Effect of P-loading, surface acidity and H-donor identity on
hydrogen-transfer over model SiO,-SPC

SiO,-SPC allows unequivocal band assignment of IR peak at
3667 cm ™' to surface P-OH groups given that SiO, does not
possess silanol groups that would exhibit an IR peak in that
range otherwise. Therefore, various parameters that could affect
the hydroxylation of the surface via the hydrogen-transfer
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reaction occurring during the temperature ramp were system-
atically studied on the model SiO,-SPC catalysts.

Effect of P-loading

The effect of P-loading on hydroxylation behavior was studied.
If hydroxylation of the surface occurs due to the surface
phosphate sites, changing the P-loading would affect the
degree of hydroxylation observed spectroscopically. Bare SiO,
support, as shown in Figure 5a, does not exhibit the hydrox-
ylation behavior observed in catalysts with the supported
phosphate sites. As P-loading was increased from 0—2—5% on
a P elemental basis, hydroxylation behavior increased (more
intense peaks), with the new —OH groups produced as a result
of the hydrogen-transfer marked in green. Moreover, a slight
blue-shift was also observed in the new peaks with increasing
loading, for example, the new Si—OH peak is at 3727 cm™ in
2%, and 3730 cm™' in 5 wt% SiO,-SPCs. On the other hand, a
slight red-shifting was observed for the new P—OH peaks with
increasing wt% loading. This comparison shows that increasing
P-loading in SiO,-SPCs leads to more pronounced hydroxylation
behavior during temperature ramp, further corroborating that
surface phosphate sites are responsible for the hydrogen-
transfer reaction leading to hydroxylation of the surface.

Effect of surface Brensted acidity
SPCs can have various surface phosphate sites with function-
alities including P—OH, P=0, P—O—P. To probe the correlation of

hydroxylation via hydrogen-transfer with surface acidity (i.e.
P—OH), a SiO,-SPC was prepared where the nominal P-loading

© 2021 Wiley-VCH GmbH


https://doi.org/10.1002/cctc.202001897

Chemistry

Full Papers Europe -
ChemCatChem doi.org/10.1002/cctc.202001897 S e,
(a) |sio, (b)| Si0,-SPC; 2% (c)| SiO,-SPC; 5%

120°C

Absorbance (a.u.)
Absorbance (a.u.)

3745

3745

Absorbance (a.u.)

3600 3500

Wavenumber (cm™)

3800 3700 3400 3800 3700

3600
Wavenumber (cm™)

3800 3700 3600 3500

Wavenumber (cm™)

3500 3400 3400

Figure 5. In-situ DRIFT spectra taken at 120 °C after NH; adsorption and N, purging during temperature ramp from 120 to 400 °C for (a) 0%, (b) 2%, (c) 5%

H,PO,/SIO,.

was kept constant at 5% but all acidity (Lewis+ Brensted) of
the catalyst was neutralized by adding in Na™ such that the Na/
P molar ratio was 1:1. The consumption of P-OH groups upon
NH; adsorption in SiO,-SPC was observed in Figure 6a. However,
the complete lack of Brgnsted acid sites (P—OH) in the Na/P =1
SiO,-SPC was evident from the lack of negative peak at ~3665-
3667 cm ™' upon NH, adsorption in Figure 6b. As the temper-
ature was increased, hydroxylation was observed in both cases
with the new —OH sites indicated in green. Na-poisoning of
surface P—OH sites did not impact the observed surface
hydroxylation via hydrogen-transfer reaction significantly, as
evidenced by the new 3730 cm™ IR peak in both cases. This
suggests that the hydroxylation and the underlying hydrogen-
transfer reaction most likely occurs over surface P=O or P—O—P
sites and not on the Brgnsted acidic P—OH sites. Similarly,
elsewhere in the literature hydrogen-transfer was reported on a
P=0 moiety in a molecular complex."" Over the P=0 containing
complex, hydrogen-transfer was observed and studied mecha-

nistically, providing first experimental evidence of reduction-
coupled oxo activation (ROA) mechanism, which is similar to
the proton-coupled electron transfer (PCET) mechanism.™
Based on results in the present study and the findings from the
literature, it is likely that the P=0O surface sites are the active
sites for the surface-mediated hydrogen-transfer reaction in
SPCs.

Effect of H-donor identity (NH; vs C,H;OH)

The effect of utilizing a different sacrificial H-donor, C,;H;OH,
was probed next due to its relevance to SPC catalyzed Guerbet
reaction. All experimental conditions and protocols were
otherwise kept identical to the NH; case (Figure 7a). New IR
peaks began to evolve adjacent to the consumed 3665 and
3745 cm™' peaks from P—OH and Si—OH, respectively, during
the temperature ramp, which suggests that surface hydroxyla-

(a) [Na/P =0 (b)| Na/P=1
7 120°C
s s
8 51
g g
= = 400°C
2 =
O il
= =
i
3665
3745 e
‘ , | , 3745 ‘ | ‘
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Figure 6. In-situ DRIFT spectra taken at 120°C after NH; adsorption and N, purging during temperature ramp from 120 to 400 °C for (a) SiO,-SPC with 5% P-

loading (Na/P=0), (b) Na-SiO,-SPC with 5% P (Na/P=1).
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tion via hydrogen-transfer was indeed occurring. To determine
the difference in the initial rate of the hydrogen-transfer
reaction using NH; and C,H;OH sacrificial H-donors, their initial
rate of hydroxylation was extracted from normalized data for
the peak growth at 3655 cm™' attributed to P—OH (Figure 7c)
and compared. Rate analysis indicates that the surface hydrox-
ylation was significantly (~20 times) faster when using C,H;OH
as the sacrificial H-donor. Since H-NH, dissociation energy of
~450.140.2 kJmol™" and H-OCH,CH; dissociation energy of
~441,04£5.9 kJmol™" are similar, the difference in apparent
initial rates is likely due to the acidity of the SPCs. The
decreased rate of hydrogen-transfer is most likely due to surface
poisoning from strong adsorption of basic NH; on surface
Bronsted acid sites,”? which does not happen during C,H;OH
adsorption given it's less exothermic adsorption on those
sites.”® Lastly, once the sacrificial H-donor molecule has lost its
H, it may desorb from the surface and/or react with the surface
phosphate sites to form new functionalities. In the case of NH,
donor, P-NH, may form, blocking the active sites, although
exact peak deconvolution/identification remains challenging
given that support—OH, support-oxide, P-O, P=0O, P—OH, and
NHj; vibrations also appear in the region of interest. In the case
of CH;OH donor, surface ethoxy species desorb as
acetaldehyde™ or ethylene® and site blockage is less likely.

A perspective on the involvement of P=0 surface sites in
hydrogen-transfer

The hydrogen-transfer reaction dates back more than a
century.”® Hydrogen-transfer reactions are generally classi-
fied into three types: (a) hydrogen migration taking place
within one molecule; (b) hydrogen disproportionation involv-
ing transfer between identical donor and acceptor units; and
(c) hydrogen-transfer-dehydrogenation (HTD), occurring be-
tween a sacrificial donor and a different acceptor unit.”®
Among the three types of hydrogen-transfer reactions, HTD is
by far the most important and widely used in catalysis.”® One
of the most widely known examples of an HTD reaction is the
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Meerwein-Ponndorf-Verley (MPV) reduction in homogeneous
catalysis.”® In the MPV reduction, aluminum alkoxide acts as
a promoter for the reduction of a ketone to the correspond-
ing alcohol in the presence of secondary alcohol as a
sacrificial hydrogen donor.”® MPV reduction of carbonyls
over aluminum, zirconium, lanthanum, cerium, samarium,
and ytterbium metal catalysts have been reported in the
literature.”® Unlike the homogeneous MPV reaction, MPV-
type catalytic hydrogen-transfer reactions can occur over
heterogeneous catalysts where a bi-functional surface is
considered a requirement for the mechanism.?” Surface acid
sites are implicated in adsorbing the unsaturated molecule
(usually aldehyde or ketone), while the H-donor (usually
alcohol) adsorbs on the adjacent basic sites, forming a cyclic
transition state containing a (P—OH) moiety during the
hydrogen-transfer reaction.””” Such MPV-type mechanisms
have been hypothesized for KOH/P—-OH and CaOH/P—OH
pairs in phosphate-based catalysts like K;PO,, HAp.B*%"!

The spectroscopic study of SPCs herein was conducted in a
half-reaction mode where the SPC surface was exposed to a
sacrificial H-donor like NH; or C,HOH, but the unsaturated
molecule was not introduced into the system to prolong the
lifetime of surface intermediates. Moreover, no dedicated base
(like K™ or Ca®") was present in the model SPCs. Formation of
new —OH surface sites (P—OH, support—OH) was observed
during both NH;-TPD-DRIFTS (Figure 1-Figure 7) and C,H;OH-
TPD-DRIFTS (Figure 7), even when surface acid sites were
poisoned with Na* (Figure 6). Therefore, as also shown in
Figure 8, it is proposed that the active site for catalytic
hydrogen-transfer is the surface P=O site, which can transfer
hydrogen from an H-donor molecule,"" yielding the new P—OH
sites. The transferred H then moves onto adjacent O atoms,
regenerating the P=0 active site. Note that the transferred
hydrogen can be quite mobile at the given temperature, as
indicated by hydroxylation of the support in addition to the
phosphate sites in all SPCs. Moreover, long-range hydroxylation
of bare SiO, physically mixed with Al,0;-SPC during NH,-TPD-
DRIFTs (Figure S3) further corroborates that the transferred
hydrogen is mobile in the 120-400°C temperature range, in
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Figure 8. Schematic of simplified mechanism proposed for surface-mediated H-transfer from sacrificial H-donor over P=0 sites.

agreement with conduction of H/H* over phosphate materials
reported in the broader literature.” Lastly, the involvement of
P=0 in hydrogen-transfer is also supported by the spectro-
kinetics trend; higher activity for supports with less electro-
negative cations (Zr**(OH),) and low activity for supports with
more electronegative cations (Si**0,). P=0 active sites bonded
to more electronegative ligands like Si*"—O—P exhibit reduced
electron density in the P=0 bond in comparison to Zr**—O-P,
making them less basic/nucleophilic®” and hence less active
towards attacking the hydrogen of the donor molecule.”¥

Conclusion

Summarily, NH;- and CH;OH-TPD-DRIFTS results show that
surface phosphate sites are involved in the surface-mediated
hydrogen-transfer reaction, spectroscopically evidenced by new
—OH peaks evolving in the IR spectra during temperature ramp.
The hydrogen-transfer activity of various SPCs studied herein
are ranked in the order of the support cation electronegativity,
with higher activity for lower cation electronegativity supports
(Zr(OH),) and low activity for higher cation electronegativity
support (SiO,). Other factors that influence the hydrogen-
transfer activity in SPCs include P-loading and the identity of
the sacrificial H-donor i.e NH; vs C,H;OH. Lastly, SPCs contain
Brgnsted and Lewis acid sites on the surface confirmed via NH;-
DRIFTS. However, surface acidity was shown to have little effect
on the observed surface-mediated hydrogen-transfer as the Na-
poisoned SiO,-SPC was still able to exhibit comparable hydro-
gen-transfer despite a complete lack of surface P—OH sites.
Since no other basic sites are possible, the surface P=0 sites are
proposed to be responsible for hydrogen-transfer from the
donor molecule.

Results herein are pertinent to various industrially important
catalytic chemistries including NH; SCR of NO,, C,H;OH coupling
to n-C,H,OH via Guerbet reaction, and FTS of higher hydro-
carbons. The listed reactions not only utilize phosphate-based
catalysts but also involve hydrogenation step(s) in the reaction
mechanism. Current work has shown that SPCs are capable of
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surface-mediated hydrogen-transfer reactions in both cases, i.e
with NH;, GH;OH as sacrificial hydrogen donors. Since the
heterogeneous catalysis literature has largely ignored the
involvement of surface P=0O sites in hydrogen-transfer, the
present work highlights that reaction mechanisms for catalytic
reactions involving hydrogenation step(s) over phosphate-
based catalysts need to be reevaluated.
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