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ABSTRACT: We investigate the continuous generation of hy-
drogen via the low temperature (< 110 °C), additive-free dehy-
drogenation of formic acid over heterogeneous Pd/C. Through a
combination of kinetic (batch and continuous), spectroscopic and
mechanistic studies, we develop structure-activity-lifetime rela-
tionships for this process, and in doing so reveal that a combina-
tion of pore fouling and poisoning by formate ions result in deac-
tivation of the catalyst during continuous operation. Although
these factors result in extensive deactivation in Plug Flow mode,
promising results can be obtained by minimizing the steady state
concentration of formic acid by operating in a Continuous Stirred
Tank reactor. In doing so, continuous operation of the system
without loss of activity for over 2500 turnovers is achieved, at
mild conditions and in the absence of stoichiometric additives.

Keywords: Hydrogen production, continuous flow, Pd nanoparti-
cles, catalyst deactivation, hydrogen storage.

Introduction

Increasing energy demand from a growing population, combined
with increasing awareness of the negative impacts of fossil feed-
stock and climate change phenomena, have pointed out the urgen-
cy of developing new ways to produce energy. In this regard, the
oxidation of hydrogen by fuel cells (Proton Exchange Mem-
branes, PEM) represents a promising, clean solution, as they gen-
erate electricity and produce water as the only by-product.'™ They
are also particularly suitable as devices for portable electricity
generation. However, the source of hydrogen and its method of
storage represent two major bottlenecks in this technology. Typi-
cally, gaseous hydrogen is compressed and stored in cylinders at
high pressure (above 200 bar), making its handling impractical
and risky.*¢ Moreover, industrial hydrogen is almost exclusively
produced by steam reforming of natural gas, a finite fossil re-
source. Electrolytic water splitting is evidently a cleaner source of
hydrogen. Yet, despite the abundance of water, this process is
currently quite energy inefficient, particularly when non-
renewable resources provide the energy to perform water splitting.

As such, much emphasis has recently been placed on the catalytic
decomposition of various hydrogen-containing molecules (so-
called storage compounds), in particular so that molecular hydro-
gen can be produced for portable fuel cell devices.”® Amongst a

number of well explored options,”'* formic acid (HCOOH) is one
of the most promising, given the fact it has a relatively high con-
tent of hydrogen (4.4 wt. %), and is a stable liquid at room tem-
perature and pressure.'>'® Although formic acid is currently pro-
duced industrially from fossil resources, there are several recent
examples in which it can be obtained by the direct oxidation of
biomass at high yields.'”'® Moreover, it is frequently encountered
as by-product in many biomass-based process, such as the hydrol-
ysis of 5-hydroxymethyl furfural. Thus, with the growing scale of
biomass processes, there are possibilities of having a large stock
of renewable formic acid available in the future.

Over the last decade, the development of catalysts capable of
decomposing formic acid to hydrogen has been the topic of much
attention. Amongst these, some of the most active are homogene-
ous in nature, employing active elements such as iridium, rutheni-
um and rhodium, amongst others.'®? Despite their excellent cata-
lytic performances, their solubility and requirement for complex
and expensive ligands limits their large-scale practicality.?*?’
However, whilst many heterogeneous catalysts have been studied,
many solid catalysts require elevated temperatures (> 250 °C) and
gas phase operation, which also limits their practicality.”® In sev-
eral cases, homogeneous and heterogeneous catalysts also require
the utilisation of stoichiometric equivalents of amines for any
catalyti2% 2azctivity to be achieved, evidently undermining their po-
tential.”"

A more favourable approach involves the development of hetero-
geneous catalysts capable of low temperature formic acid decom-
position in the absence of external additives.”** In this regard,
supported metallic nanoparticles have been found to be particular-
ly promising in term of selectivity and activity.>**’ For example,
Dimitratos et al. have systematically studied the performance of a
commercial Pd on carbon catalyst (5 wt. % Pd/C) at mild condi-
tions (30-90 °C), and found this catalyst to be one amongst the
best performing in the open literature.”® However, these studies
were performed in batch reactors, which are unable to produce a
continuous, stable stream of hydrogen for fuel cell applications.
On a scientific level, such reactors also prohibit detailed study of
the lifetime of the catalyst, which is often its key performance
indicator.**® Accordingly, studies of formic acid decomposition
under continuous conditions are an important challenge to deter-
mine the true potential of this technology.

In respect to this, a handful of reports have recently set about
exploring the decomposition of formic acid under continuous
conditions over both homogeneous and heterogeneous catalysts in
Continuous Stirred Tank (CSTR) mode.*"™ Yet, in all of these
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previous studies, stoichiometric equivalents of amines were em-
ployed. Accordingly, it is clear that no heterogeneous catalyst,
capable of the continuous, additive-free dehydrogenation of for-
mic acid at mild conditions, has yet been identified. Moreover,
other types of continuous reactors — particularly Plug Flow Reac-
tors (PFRs) — have yet to be explored for this chemistry, despite
their widespread utilisation in other branches of the chemical
society and the advantages they offer over CSTRs. Finally, on a
fundamental level, these previous studies have not focused on the
structural and chemical changes that catalysts undergo during this
catalytic process. As such, detailed knowledge of the rates of
deactivation of catalysts for this reaction, in addition to funda-
mental knowledge regarding the mechanisms of deactivation, is
not available, despite its critical importance.***°

Here, we investigate the continuous production of hydrogen
through the decomposition of formic acid over a commercially
available Pd/C. Detailed kinetic studies in various reactor modes,
including PFR and CSTR, are coupled to a variety of mechanistic
and spectroscopic experiments, which permit the generation of
structure-activity-lifetime relationships. In addition to providing
unique mechanistic insight into this reaction, these studies also
allow us to identify routes to mitigate deactivation, and identify
the optimal reactor mode from a productivity and stability per-
spective with which future kinetic studies should be performed.

Results and Discussion

Kinetic studies: from batch to continuous. As described
above, we have previous identified commercially available Pd on
carbon (5 wt. % Pd/C, henceforth Pd/C) to be a suitable catalyst
for the additive free decomposition of formic acid at mild condi-
tions (30-90 °C). In these previous studies, we benchmarked both
the selectivity of the catalyst (dehydrogenation vs. dehydration
and hence, the concentration of CO produced), in addition to the
basic kinetic parameters of the catalyst, and our ability to measure
the rates of reaction based both on gas evolution (volumetric dis-
placement) and formic acid consumption (HPLC and 'H NMR) —
an important step considering that different types of continuous
reactors require different modes of reaction analysis (see ESI
Figure S1). Previous studies on the reusability of the catalyst sug-
gested that Pd/C possess a good degree of stability, since five
consecutive uses during ‘recyclability studies’ exhibited less than
5 % of loss of performance between cycles.
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Figure 1. Batch tests of formic acid decomposition over Pd/C
with fresh aliquots of formic acid periodically added to the reactor
without removal of the catalyst or other treatments. Reaction con-
ditions: Pd/C (15 mg), Aqueous formic acid (10 mL, 0.5 M) (for-
mic acid/Pd=100 per cycle), 50 °C, 800 rpm.

Since classical reusability studies can easily over-estimate the
potential stability of the catalyst, we commenced our study by
extending classical reusability experiments by adding fresh ali-

quots of substrate to a batch reactor once a reaction cycle was
completed without removing the catalyst from the reactor between
cycles (Figure 1). In this way, perturbation of the catalyst between
“cycles” is minimised. Over six “cycles” the catalyst still retained
good initial activity, with the rate of reaction observed during the
“sixth” cycle being approximately 75 % that of the first.

To better probe catalyst deactivation, kinetic studies in continuous
reactors are essential.***” Amongst such reactors, PFRs - in which
the catalyst bed is confined inside a tubular column, and the reac-
tant solution is continually pumped over the catalyst bed - offer
several advantages, including higher rates of reaction, better tem-
perature control, good mass and excellent heat transfer, and facili-
tated study of the catalytic material post (and during) reaction by
(in situ) spectroscopy. Accordingly, evaluation of the deactivation
phenomena present in the system was made by analysing the time
on stream profile for the conversion of formic acid over Pd/C in a
PFR between 30-110 °C. Kinetic relevance of the reactor was
verified by confirming the absence of external and internal
transport limitations in the required linear velocity range (Figure
S2). Comparison of the performance of the catalyst at each tem-
perature was made by determination of its initial activity (initial
turnover frequency, TOF,, Equation 1) and rate of deactivation
(kg, using the approach of Levenspiel (Figure 2 (Left) inset)). For
each catalytic experiment, the contact time (Equation 2) was ad-
justed in order that each experiment start from a similar level of
conversion and hence, the reaction coordinate.** Figure 2 (Right)
presents the time on stream profiles at different temperatures, and
Table 1 summarises the activity (TOF,) and stability (k) of the
catalyst at that temperature.
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Figure 2. (Left) Formic acid conversion as function of time on
stream at 50 °C, with the Levenspiel plot to calculated k4 shown
in the inset. Reaction conditions: Pd/C (150 mg), 0.25 mL min”'
of aqueous formic acid (0.5 M), 50 °C, 5 bar. (Right) Formic acid
conversion as a function of time on stream at different tempera-
tures. Reaction conditions: Pd/C (150 mg), aqueous formic acid
(0.5 M), 5 bar. Flow rate and temperature set at: (black square)
0.25 mL min™, 50 °C; (red circle) 0.5 mL min’', 70 °C; (blue
upwards triangle) 0.5 mL min™, 90 °C; (pink downwards triangle)
0.85 mL min™, 110 °C.

Table 1. Calculated TOF (Equation 2) and k4 from kinetic curve
of continuous formic acid decomposition at different temperature.

Entry T TOF kq x 1000
/°C /min’! /min’!

1 50 1500 31

2 70 2360 43

3 90 3540 59

4 110 5860 81




As expected, increasing the reaction temperature leads to a clear
increase in catalytic activity, with the initial turnover frequency
(TOFy) of Pd/C increasing from 1500 h™' at 50 °C, to 5860 h™" at
110 °C. Interestingly, a similar increase for ky is also observed
(from 0.031 to 0.081 between 50 and 110 °C, respectively), in a
first instance suggesting a temperature dependence for deactiva-
tion (Table 1). However, to better evaluate the extent of deactiva-
tion and its temperature dependency, the time on stream data
should be compared based on the number of reaction cycles per-
formed, by re-plotting the data as relative performance (Equation
3) as a function of substrate turnover (Equation 4) (Figure 3
(Left). In doing so, it can be seen that all points broadly converge
on the same curve, with the partial exception of the highest tem-
perature reaction (110 °C), which appears to deactivate very
slightly faster per number of substrate turnovers than reaction at
lower temperatures. This observation indicates that deactivation
correlates better to the quantity of substrate that has passed over
the catalyst rather than to temperature directly. Verification of this
was achieved by performing reactions with different initial con-
centrations of formic acid (0.25, 0.5, 0.75 and 1 M) at 50 °C (Fig-
ure 3 (Right)). In this case, the relative performance of Pd/C is
identical at all concentrations when compared at the same number
of substrate turnovers. The correlation of deactivation to the num-
ber of substrate turnovers suggests deactivation may relate to a
reaction-based stimulus, such as effects related to the reactant,
product or by-product(s), or the deposition of residue, since sol-
vothermal effects alone, such as sintering and/or lixiviation of the
metal, would more likely correlate to temperature and time.
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Figure 3. (Left) Effect of temperature on the relative performance
of Pd/C as a function of substrate turnover. Reaction conditions:
Pd/C (150 mg), aqueous formic acid (0.5 M), 5 bar. Flow rate and
temperature set at: (black square) 0.25 mL min™, 50 °C; (red cir-
cle) 0.5 mL min™', 70 °C; (blue upwards triangle) 0.5 mL min,
90 °C; (pink downwards triangle) 0.85 mL min™, 110 °C. (Right)
Effect of formic acid concentration on the relative performance as
function of substrate turnover during continuous formic acid de-
composition. Reaction conditions: Pd/C (150 mg), 50 °C, 5 bar.
Different aqueous formic acid concentration and flow rate: (black)
0.25 M and.12 mL min™, (red) 0.5 M and 0.25 mL min, (blue)
0.75 M and 0.38 mL min™, (pink) IM and 0.5 mL min™.

To better understand the causes of deactivation, and identify how
to prevent it from occurring, attempts to regenerate the catalyst
were made. Other than having an obvious practical value, this also
allows determination of whether deactivation is permanent or
reversible, and provides an indirect way of studying the type of
deactivation involved. We identified that regeneration of the cata-
lyst could be achieved both by classical thermal treatment of the
reactor bed (air flow, 20 °C min’', 180 °C for 90 min), or by

flushing the deactivated catalyst in fresh solvent (pure water, 50
°C for 150 min). Figure 4 (Left) demonstrates that thermal regen-
eration of the catalyst completely restores its initial activity,
whereas Figure 4 (Right) demonstrates how activity can be re-
stored by washing the sample in water. Notably, the extent of
regeneration achieved during washing in water strongly depends
on the quantity of water passed over the used catalyst (ESI Figure
S3). Notably, the rates of deactivation (k4) observed in both se-
cond cycles i.e. after thermal or washing regeneration, are un-
changed to that exhibited by the fresh catalyst (0.027 min™, 0.027
min" and 0.026 min™, respectively), indicating that the catalyst
does not undergo permanent changes during reaction or regenera-
tion. We note that spontaneous regeneration of the catalyst simply
by removal from the reactor can be ruled by a control experiment
performed by removing a spent catalyst from the reactor, leaving
it to dry at room temperature overnight (16 h), and then re-
examining its activity. This procedure resulted in no regeneration
being observed. As such, it is clear that thermal treatment or
washing is necessary for reactivation of the catalyst, and that the
deactivated catalyst remains inactive upon removal from the reac-
tor — an important consideration for further spectroscopic study.
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Figure 4. (Left) Formic acid conversion as function of time on
stream of fresh and regenerated catalyst, regenerated by heating
the reactor at 180 °C for 90 min in static air. (Right) Formic acid
conversion as function of time on stream of fresh and regenerated
catalyst regenerated by flushing the reactor with 2.5 mL min™' of
water for 150 min at 50 °C. Reaction conditions: Pd/C (150 mg),
0.25 mL min' of aqueous formic acid (0.5 M), 50 °C, 5 bar.

Spectroscopic studies, and generation of structure-
activity-lifetime relationships. To better understand deactiva-
tion of the catalyst, and to propose methods to mitigate its impact,
it is necessary to generate structure-activity-lifetime relationships
through correlation of the kinetic observations to characterisation
of the catalyst. Accordingly, a variety of techniques were used to
study the physical and chemical nature of the catalyst and its ac-
tive sites, and to follow their transformation during the course of
the reaction (fresh and deactivated) and following regeneration
(washing and thermal). Transmission electron microscopy (TEM)
was first used to get an insight on the dimension and distribution
of the Pd particles on the surface of carbon. TEM images (Figure
5) of the fresh (A), deactivated (B) and regenerated (C) catalysts
all exhibit a comparable dispersion of Pd particles on the carbon
surface. By analysis the distribution of particles dimensions,
shown in Figure 5A-C, it can be seen that all the samples possess
an average particle size of 3.2 nm, and rather narrow distributions.
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Figure 5. From left to right: TEM images, particle size distribution and XPS of Pd region of (top to bottom) (A) fresh, (B) used and (C) the

catalyst regenerated by washing.

In fact, the degree of change in particle size and distribution
following reaction, and later regeneration, is extremely modest,
and likely points towards other factors being more dominant in
respect to deactivation. To rule out that the slight changes in
particle distribution between stages are due to leaching of spe-
cific size of Pd nanoparticles, elemental analysis was performed
on the fresh and used catalysts. Given that the same amount of
Pd was found in both samples, this indicates that an actual re-
structuring event occurs during reaction, as opposed to size-
specific leaching (Table S1). The lack of extensive reorganisa-
tion of Pd is supported by ICP-MS analysis of the fresh and
used catalysts (Table S1), which confirm that leaching of the
active phase into the liquid phase does not occur, as indicated by
the lack of change in Pd content of the catalysts during continu-
ous operation.

Table 2. Parameters calculated from size distribution analysis
from TEM, and the distribution of Pd species as calculated from
XPS, for the fresh, used and water regenerated catalyst samples.
A minimum of 300 particles was used for each analysis.

Entry | Sample | Mean | Median | Pd° pd"
/nm /nm /% /%

1 Fresh 32 £|32 + |78 22
0.3 0.3

2 Used 32 +£|31 {100 0
0.5 0.5

3 Wash 29 (29 £]100 0

Regen 0.3 0.3




The types of Pd species present in the catalyst, and how they
change during reaction and regeneration, was also investigated
by by X-ray Photoelectron Spectroscopy (XPS). XPS analysis,
focused on the Pd(3d) region (Figure 5A-C), revealed two main
peaks at 335.4 and 340.7 eV in the fresh, used and regenerated
samples, corresponding to the Pd 3ds;, and Pd 3ds), transitions,
respectively. Deconvolution of these peaks allows the relative
amount of Pd® and Pd" to be quantified. In line with previous
studies, the fresh catalyst shows a mixed distribution of 78 %
Pd°, and 22 % Pd". After use in the PFR (Figure 6B, Table 2
Entry 2), only metallic Pd’ is detected on the catalyst, likely due
to reduction of the catalyst in situ by the hydrogen released as a
product. In a first instance, the decrease of Pd" at the end of the
reaction could be correlated to the loss of activity. However, no
recovery of Pd" is observed even when the catalyst is fully re-
generated. These observations strongly suggest that changes in
the oxidation state of Pd do not correlate to catalytic perfor-
mance. To verify this, and hence to study the effect of Pd oxida-
tion state on catalytic activity, a series of pre-treatments were
performed on the fresh catalyst prior to operation in the PFR.
Specifically, the catalyst was treated in air (or 5 % hydrogen in
argon) at 250 °C for 3 h, to oxide (reduce) the nanoparticles
prior to reaction. XPS analysis showed that during reduction, the
percentage of Pd" decreased from 22 % in the untreated catalyst
to 13 % (Figure S4 A, Table S2 Entries 1 and 3). The initial
activity of this catalyst was found to be slightly higher (about
10% of increased initial activity), indicating that metallic Pd is
the most active species, in line with previous reports (Figure S4
C). Unfortunately, the air treatment was not as effective, show-
ing a modest increase in Pd" fraction from 22 to 25 %. As ex-
pected from this small change, no obvious changes in activity
and stability can be detected. When combined, these studies
indicate that deactivation of the catalyst cannot be attributed to
the changes in Pd oxidation state observed during operation.

Another major cause of deactivation during heterogeneous ca-
talysis is fouling, which relates to the deposition of residue on
the catalyst surface and/or within its pores.**’ In such cases,
deactivation is often related to the physical amount of reactant
converted, and hence typically correlates with substrate turnover
as opposed to time on stream, which could explain the prelimi-
nary kinetic analyses. Surface area and porosimetry analysis on
the fresh catalyst revealed that the majority of the available
surface area (1006 m” g™ is microporous in nature (735 m? g),
while only a smaller fraction of the area is mesoporous (Table 3,
Entry 1). Since our kinetic protocol involves flushing the cata-
lyst with water prior to introducing the substrate, and knowing
that water can adsorb strongly on this type of support and may
itself result in a significant loss of surface area, the sample
flushed with water prior to switching to the feed solution was
also measured. As can be seen (Table 3, Entry 2), a decrease of
microporous area of 30 % compared to the untreated catalyst
occurs simply due to start up of the reactor in water, prior to
introduction of formic acid. For sake of further comparison, the
porosity values of this sample are considered to be representa-
tive of the t, state of the catalyst. Following continuous opera-
tion, a dramatic decrease in the micropore area is observed,
reducing by 92 % of the ty value. Clearly, deactivation of the
catalyst is accompanied by a significant loss of micropore area.
Since no dramatic changes to the structure of the used catalyst
were observed either by Raman spectroscopy, XRD and evalua-
tion of nitrogen isotherms (Figure S5-S7), it can be concluded
that the loss of porosity relates to fouling and deposition, as
opposed to structural conversion. To further verify a possible
trend between deactivation and loss of micropore area, samples
of Pd/C were further measured following partial (30 %, 80 %,
Figure S3) regeneration by washing, and full regeneration by
thermal treatment (Table 3, Entries 5-6). As can be seen, wash-
ing regeneration of the catalyst is accompanied by significant

restoral of microporous area, and the recovery of microporosity
is even greater following thermal regeneration, likely due to the
removal of the water molecules contributing to the initial loss of
porosity at ty. These observations further indicate that deactiva-
tion and porosity may be related. However, it is notable that the
recovery of porosity and the extent of regeneration by washing
are not linearly correlated. In fact, whilst only 30 % of the activ-
ity is initially recovered after washing regeneration for 90 min at
1 mL min™, around 75 % of the t, microporosity has been re-
stored. Taken together, these experiments strongly indicate that
surface area is a determining property for the activity of this
material, and its loss is detrimental for activity. However, at
least one other factor contributes to deactivation, and this event
requires more extensive washing in water to be mitigated than
loss of porosity alone.

Table 3. Surface area and porosimetry data obtained by nitrogen
adsorption isotherm analysis. All values calculated by applying
the DFT method to the nitrogen adsorption isotherms (77 K).

S S icro V icro
Entry Sample I;ET_I A; 1 M3 -1
/m” g /m° g /em” g
1 Fresh 1006 735 0.28
Flushed in
2 717 525 0.20
H,0 (to)
3 Used 171 42 0.01
Washed
4 regen. 707 517 0.20
80%
Washed
5 regen. 584 412 0.15
30%
6 Heated 864 608 0.20
regen.

To understand the nature of the deposited material(s), and hence
identify what species remain on the catalyst during reaction, a
variety of experiments were performed on deactivated samples
of Pd/C. Firstly, FITR analysis of the fresh, used and washing
regenerated catalysts was performed (ESI Figure S8). However,
no signals that can be attributed to reaction residues were ob-
served. Aliquots of the effluent produced during the washing
regeneration procedure were also collected and analysed by 'H
NMR. However, the high degree of dilution resulted in no in-
dicative signals being observed, even though calibration of the
'H NMR for formic acid with an internal standard (tetrame-
thylsilane) showed that the detectability limits to be of < 0.005
M. Accordingly, the gaseous effluent generated during thermal
regeneration was monitored by mass spectrometry (akin to
Temperature Programmed Oxidation Mass Spectrometry, TPO-
MS, Figure 6). During thermal regeneration in air, only CO, was
found to evolve from the deactivated catalyst. When compared
to the fresh catalyst, it can be seen that the used sample evolves
a much larger quantity of CO,. Moreover, the different evolu-
tion profiles also indicate that different species are present in the
sample after reaction. The first signal of CO, evolving at 10
minutes is present both in the used and fresh catalyst, and may
originate from the same species, albeit at a higher level of con-
centration in the used catalyst. However, major differences can
be observed at later times. In particular, the used sample exhib-
its a well-defined evolution at 14.5 min, and a broader release at
15.5 min, while in the fresh sample these evolutions are absent
and only a smaller, broader evolution is observed at 13.5 min.
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Taken together, these analyses reveal that oxidisable carbona-
ceous material remains on the catalyst post-reaction, and that its
removal is achieved at relatively low temperature in line with
the facile thermal regeneration process identified. To further
verify whether this carbonaceous residue is related to loss of
activity, the TPO-MS profile of the catalyst regenerated by
washing in water was monitored. As can be seen, the carbona-
ceous residue present on the used catalyst is no longer present
on the catalyst washed by water (and which exhibits activity),
indirectly verifying that the presence of this residue is related to
loss of activity. Unfortunately, although washing regeneration
clearly removes the carbonaceous residue, attempts to detect the
residue in the effluent by washing in D,O prior to 'H NMR
analysis, were also unsuccessful (Figure S9), either indicating
that 1) the residual carbon is present below the detectability limit
of the instrument, and/or ii) that the (re-)addition of a solvent
allows the retained carbonaceous species to react over the cata-
lyst. Based on the detectability limit of "H NMR, and the ability
of the catalyst to operate at room temperature, we favour the
final hypotheses as reasons for why no carbonaceous species
can be extracted from the catalyst post reaction.

- —— Pd/C Fresh
—— Pd/C Used
—— Pd/C Wash regenerated

7 180°C, 90 min, 20°C/min
Air atmosphere

CO, evolved

T T T T T 1
0 1000 2000 3000 4000 5000
Time / seconds

Figure 6. MS signal of CO, (M/Z = 44) evolved during heat
treatment of used (red), fresh (black) and wash regenerated cata-
lyst (blue). Conditions: air flow, 20 °C min’', 180 °C for 3 h.

Although these studies do not provide direct identification of the
residue(s) retained on the catalyst, they indicate that low molec-
ular weight carbonaceous species that that readily result in CO,
formation in the presence of air must be retained on the catalyst.
Since pore fouling is only partially responsible for deactivation
(Vide Supra), these residues must also provide additional con-
tributors to deactivation, most likely through active site poison-
ing.** Poison molecules can be the reactant and product, or
by-products and impurities present in the feed. In each of these
cases, poisoning often relates to the amount of reactant pro-
cessed, and like fouling, thus often correlates to substrate turno-
ver, in agreement to our kinetic data. Thus, to gain insight into
the potential poisons present in the system, and hence indirectly
to identify the residues present on the used catalyst, poisoning
experiments were performed.*

The most likely poison molecules consistent with the TPD-MS
analysis include CO, CO, and formic acid (or derivatives there-
of), although the potential negative role of feed contaminants
and other reaction products (H;) cannot be overlooked. To first
verify the presence and role of feed contaminants, "H NMR was
carried out on the formic acid solutions used for reaction. This
revealed low, but non-negligible, concentrations of acetic and
benzoic acid (Figure S10), which evidently may contribute to
deactivation. However, utilising a distilled and purified solution
of formic acid did not change the deactivation rate of the cata-
lyst (kq), implying that the impurities present in the feed did not
affect the catalyst performance under these experimental condi-

tions (Figure S11). In addition to impurities, reactants and prod-
ucts can also result in poisoning of the catalyst. In regards to
poisoning by the products (H, and CO,, Figure 7), treatments in
both H, atmosphere (5% H,/Ar atmosphere, 20 mL min’!,
250°C, 3h) and CO, (100% CO,, 20 mL min™, 25°C, 3h) ap-
peared to be slightly beneficial towards activity (Figure 7).
Thus, poisoning by product molecules is unlikely to account for
deactivation of the catalyst, and the carbonaceous residue pre-
sent on the used catalyst is clearly not CO; itself.

100_+++ _

80+

60+ -

404 E

204 -

Initial HCOOH conversion / %

Not treated/fresh  H, treated ~ CO,treated  CO treated

Figure 7. Initial activity of Pd/C for formic acid dehydrogena-
tion following various pre-treatment procedures. H, treated: 5%
H,/Ar atmosphere at 250°C, 20 mL min, 3 h, 5 °C min"'. CO,
treated: flushed with 100% CO, (20 mL min‘l) at 25°C, 3 h. CO
treated: flushed with 10% CO - He (20 mL min™) at 25°C, 3 h.

Many works in literature indicate that Pd nanoparticles-based
catalysts are particularly susceptible to CO poisoning.***! This
is particularly relevant in this case, since competition between
dehydrogenation (pathway 1, thermodynamically favoured) and
dehydration (pathway 2) is present.

HCOOH — H, + CO,
HCOOH — H,0 + CO

AG = -48.4 k] mol* 1)
AG =-28.5 kJ mol* ®)

Gas composition analysis (GC-FID with methaniser unit)
demonstrate that only trace amounts of CO are formed during
this process, with a CO:CO, ratio of 1:100,000 being detected at
50 °C (ESI Figure S12). However, checking the susceptibility of
the catalyst to CO poisoning is still of relevance during extend-
ed operation, where gradual accumulation and poisoning can
occur. Accordingly, a fresh catalyst was packed into the reactor
and treated in a flow of 10 % CO in helium (20 mL min™) for 3
hours, after which time, the feed was switched to the reaction
solution, and an otherwise-standard continuous flow reaction
performed. As can be seen, the initial activity of the catalyst
after CO poisoning is dramatically lower than the untreated
catalyst, with an initial conversion of only 32 % achieved, com-
pared to ca. 80 % value observed for the untreated sample (Fig-
ure 7). This result clearly indicates that CO is an effective poi-
son of the catalyst. However, whilst washing regeneration is
sufficient to restore full activity of the catalyst between typical
reaction cycles (Figure 8, top), in the case of the CO-treated
catalyst, washing only restores the additional amounts of activi-
ty lost during the reaction cycle itself i.e. washing regeneration
does not restore activity to ca. 80 % conversion, and hence is
not able to mitigate CO poisoning (Figure 8, bottom), in line
with the non-poisoned catalyst. This strongly indicates that alt-
hough CO is an effective poison of the catalyst, CO poisoning is
not the reason behind loss of activity of Pd/C during the experi-
ments performed in this study, since the mode(s) of deactivation
observed during reaction are amenable to washing regeneration.
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Although washing regeneration is unable to reverse CO poison-
ing, thermal regeneration is still feasible (180 °C, 90 min), with
this treatment restoring the catalyst to its standard level of activ-
ity. Based on this, we can conclude that during the reaction, CO
poisoning does not give the main contribution to deactivation, as
demonstrated by the fact that the activity between cycles can be
totally recovered by washing, while CO poisoning itself cannot
be removed by simply washing the catalyst with water.
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Figure 8. Formic acid dehydrogenation over Pd/C as (top) un-
treated catalyst, and (bottom) CO-poisoned catalyst. In the later,
the reaction was started after treating the catalyst with a stream
of CO (10 % of CO in He, 20 mL min’', 3 hours). In both cases,
washing regeneration was performed after 100 minutes (2.5 mL"
! min, 150 min at 50 °C), and a thermal regeneration was per-
formed prior to a third cycle by heating the reactor in static air at
180 °C for 90 min. Reaction conditions: Pd/C (150 mg), 0.25
mL min™ of aqueous formic acid (0.5 M), 50 °C, 5 bar.

In addition to impurities, by-products and products, poisoning
by substrate is also possible. In fact, acids such as formic acid
are well-established poisons for nanoparticle based catalysts,
due to their ability to chelate strongly to the metal centres. In
fixed bed reactors, deactivation events that are dependent on the
concentration of reactants, such as fouling or poisoning, often
involve specific parts of the catalyst bed, since the reactant con-
centration is space dependent rather than time dependent, as is
the case of batch reactors. For instance, deactivation due to poi-
soning by formic acid would be more severe at the front of the
catalyst bed, rather than at the end. Thus, to probe the deactiva-
tion of different parts of the reactor, a reaction was performed
with a typical mass of catalyst (150 mg), but with the total
amount of catalyst was split in two reactors placed in series. The
reaction was initial run through the two reactor in series until the
conversion of formic acid dropped from 95 to 70 %, when the
reaction was paused and the two reactors separated. Subsequent-
ly, both “half” beds of catalysts were tested individually as two
separate reactors, halving the flow rate in order to keep the con-
tact time constant. If the catalytic bed had experienced homoge-
neous deactivation, the same value of initial activity would be
found in both the reactors in the second part of the experiment.
Instead, it is clear that the second (rear) catalyst bed exhibits
much higher activity then the first (front) catalyst (Figure 9).
The higher initial activity can be attributed to a lower degree of
deactivation of the catalytic bed initially located in the rear half
of the reactor, where the concentration of reactant is lower. Ac-
cordingly, since deactivation of the catalyst is dependent on
both substrate turnover and space, and is worst at the beginning
of the reactor bed, it is likely that deactivation of the catalyst
occurs from an effect related to the presence of the reactant,
rather than (by-)products. Notably, of all the species present in
the reactor, only formic acid can also be responsible for pore

fouling, since the products and by-products of the reaction are
all gaseous, and should readily be liberated from the catalyst.
Poisoning by formic acid would also result in the evolution of
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Figure 9. Performance of Pd/C for formic acid decomposition
measured at different spaces of the catalytic bed. Reaction con-
dition: first 10 min of reaction carried out with two reactors in
series. Total amount of Pd/C 150 mg, 0.26 mL min™ of aqueous
formic acid (0.5 M), 50 °C, 5 bar back pressure. After 10 min
the reaction was stopped and the two reactors separated. The
reaction was then continued in duplicate, with both “half” beds
tested under otherwise identical condition: Pd/C (75 mg), 0.13
mL min™ of aqueous formic acid (0.5 M), 50 °C, 5 bar.
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Figure 10. Performance of Pd/C for formic acid decomposition
measured following pre-treatment in an aqueous solution of
HCOONa (0.5M, 60 min, 0.25 mL min‘l). Reaction conditions:
Pd/C 150 mg, 0.25 mL min™ of aqueous formic acid (0.5 M), 50
°C, 5 bar back pressure.

In the case of formic acid, many theoretical reports on the
mechanism suggest this reaction first involves deprotonation of
formic acid on the surface of the metal, followed desorption of
release of H, and CO,.***>3 Formate anions possess a higher
chelating strength then their protonated counterpart, making
them possible candidate as a poisoning agent. To probe the pos-
sible influence of the formate anion, a reaction was performed
following pre-treatment of the catalyst in an aqueous solution of
sodium formate (Figure 10). We note that sodium formate itself
does not result in the production of much H,, and hence allows
the impact of products of the reaction on deactivation to be min-
imised. In this case, the initial conversion level of the catalyst
after treatment for 60 minutes in aqueous sodium formate was
consistent with that typically observed after 45-60 minutes on
stream, confirming the formate anion is the genesis of poisoning
in this system.
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Achieving continuous performance. When combined, the
spectroscopic, kinetic and mechanistic studies presented in this
section clearly indicate that deactivation of the catalyst during
the continuous conversion of formic acid to hydrogen relates to
poisoning and fouling due to the presence of the substrate, for-
mic acid. Since the substrate is an essential component of the
reaction system, and it cannot necessarily be avoided during the
reaction, this makes continuous operation of the system very
challenging. With the aim of maximising durability of the sys-
tem, and hence permitting true continuous operation to be
achieved, we reasoned that continuous performance should be
feasible by running in a Continuous Stirred Tank mode (CSTR),
where the steady state concentration of formic acid can be min-
imised by operating the system at a level of conversion as close
to 100 % as possible i.e. by matching the rate of formic acid
conversion with the rate of formic acid addition, so that a steady
state concentration of zero is achieved.
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Figure 11. Comparison of Pd/C performance during formic acid
dehydrogenation in CSTR and PFR. In particular, (Left) Rela-
tive performance of the catalyst as a function of substrate turno-
ver, and (Right) cumulative moles of formic acid converted in
the two systems as function of substrate turnover. CSTR reac-
tion condition: Pd/C (45 mg), 0.01 mL min" of pure formic
acid, 60 mL of reactor volume, 50 °C, 800 rpm. PFR reaction
conditions: Pd/C (150 mg), 0.25 mL min"' of aqueous formic
acid (0.5 M), 50 °C, 5 bar back pressure.

To achieve this, pure formic acid was flown into a round bottom
flask filled with 60 mL of water and the catalyst at 50 °C. De-
spite not reaching full conversion, the catalyst exhibited much
higher levels of stability in the CSTR, with the relative activity
of the catalyst after over 2000 turnovers comparable to its ac-
tivity at ty (Figure 11, Left). Notably, the k4 value of this reac-
tion is 35-times lower than that of the best k4 value obtained in
plug flow mode, demonstrating how the choice of reactor and
conditions can remarkably improve catalyst stability. Because of
its increased stability, more formic acid could be converted in
CSTR than the PFR, as clearly shown in Figure 10 (Right). In
light to the fact that the activity can be recovered by washing the
catalytic bed with water, it can be hypothesised that in the
CSTR, the constant stirring and the better dispersion of the cata-
lyst in a higher volume of water account for a similar effect
observed after washing, mitigating the deactivation of the cata-
lyst. However, it should be added that despite the superior per-
formance of the CSTR in terms of stability and overall produc-
tivity, the lower catalyst-to-volume ratio and the decreased
steady state concentration of formic acid do compromise the
initial space-time-yield of the reactor by an order of magnitude.

Conclusions

The continuous additive-free production of formic acid at mild
conditions was targeted over heterogeneous Pd/C. Although
rapid rates of deactivation were initially encountered, structure-
activity-lifetime relationships were developed, allowing deacti-
vation to be attributed to side-effects associated with the sub-
strate, formic acid. Based on these relationships, continuous
operation could be achieved by operating in a CSTR mode,
which allowed H, to be generated continuously for over 2000
turnovers without loss of activity by matching the rate of formic
acid addition and consumption. Although the CSTR is charac-
terised by lower rates of activity than the analogous PFR, the
dramatic improvement in stability (35-fold) overall results in a
more productive and favourable process for continued research.

Experimental details
Equations

n formic acid converted

(1) Turnover frequency = TOF =

n Pd x time

VOlume(catalyst bed)

(2) Contact time = 1 (min) = Tlow rate

Coversion, X

(3) Relative performance = X100

Conversion, X

n (formic Acid) time™! x ¥ time
n (Pd)

(4) Substrate turnover =

(5) Space-time-yield = n(formic acid)L™*(reactor)h™*

Materials

A commercial Pd (5§ wt. %) supported on activated carbon was
used as received (Merck-Sigma). Formic acid (98 % purity) was
purchased on Merck-Sigma and used without any purification if
not stated in the text. Sodium formate was purchased from
Merck-Sigma and used without any purification. Dilution of
reactants was made in deionised water.

Analytical methods

HPLC analysis have been performed by means of an Agilent
Infinity 1200 equipped with a Metacarb 87H and UV detector.
Conditions: 60 °C, 0.35 mL min™!, 0.1 wt. % of H;PO, in water
as eluent. "H NMR were acquired with a Bruker 500 MHz.
Spectra are acquired with D,O as deuterated solvent and water
suppression method is employed. Formic acid concentration
have been determined by means of HPLC and 'H NMR tech-
nique by extrapolate the value from calibration curves built with
standard samples at known concentration. Succinic acid has
been used as internal standard for the quantification of formic
acid via HPLC. 0.3 mL aliquot of reaction mixture have been
collected at different time on stream and diluted with 0.3 mL
solution of 0.05 M succinic acid. 'H NMR quantitative analysis
have been performed by measuring the area of the formic acid
signal at 8.1 ppm normalised with the area of a known concen-
tration of tetramethylsilane (TMS). NMR sample have been
made by mixing 0.7 mL of reaction aliquot and 0.1 mL of D,0O
and inserting a sealed capillary containing 0.1 mL of TMS.

Qualitative gas analysis have been performed on the gas collect-
ed in a tight-gas bag and injected into a Hiden mass spectrome-
ter (QGC analyser).

Kinetic studies

Multiple cycle of formic acid dehydrogenation reactions have
been carried out in a round bottom flask loaded with 15 mg of
Pd/C and 30 mL of water and stirred at 700 rpm with a magnetic
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stirrer. Every cycle of reaction was initiated by adding 0.56 mL
of formic acid (to have an initial aqueous formic acid concentra-
tion of 0.5 M) and the reaction was run approx. for 2 h until
complete conversion. Afterwards, a fresh aliquot of formic acid
was added and a new cycle started.

Continuous PFR formic acid dehydrogenation reactions were
performed in a plug flow, stainless steel, tubular reactor. The
reactor was connected to a Cole-Parmer HPLC pump in order to
accurately regulate the reactant flow. The catalyst was densely
packed into a '4” stainless steel tube (4.1 mm internal diameter)
and held between two quartz wool plugs, and a frit of 0.5 um
was placed at the reactor exit. The reactor was subsequently
immersed in a thermostated oil bath at the desired reaction tem-
perature. Pressure in the system was controlled by means of a
backpressure regulator and a pressure of 5 bar at the end of the
system was typically employed. Aliquots of the reaction solu-
tions were taken periodically from a sampling valve placed after
the reactor.

Periodic catalyst regeneration was performed heating the whole
reactor in a combustion furnace (Carbolite MTF12/38/400) to
180 °C (20 °C min™) in air (3 h).

CSTR formic acid dehydrogenation reactions were performed in
a 100 mL two-necks round bottom flask. The flask was filled
with 30 mL of DI water and 45 mg of Pd/C. the reaction tem-
perature was controlled by submerging the flask in an oil bath
thermostated at 50 °C, and the reaction mixture was stirred at
700 rpm by means of a magnetic stirrer bar. The two neck of the
reactor where sealed by rubber septa. A Cole-Parmer HPLC
pump dispensed pure formic acid into the flask at a flow rate of
0.01 mL min™". The gas was collected into a gas bag and analyse
at the MS spectrometer. Aliquot from the reaction mixture were
collected and the concentration of formic acid analyse by means
of HPLC.

Kinetic studies

A PANalytical X’PertPRO X-ray diffractometer was employed
for powder XRD analysis. A CuKa radiation source (40 kV and
30 mA) was utilised. Diffraction patterns were recorded be-
tween 10-80° 20 (step size 0.0167°, time/step = 150 s, total time
=1 h). TGA analysis was performed on a Perkin Elmer system.
Samples were held isothermally at 35 °C for 10 minutes, before
being heated to 600 °C (5 °C min™' ramp rate) in air. Elemental
analysis on the solid have been performed by dissolving a
weighted amount of material in aqua regia mixture and ana-
lysed by a Perkin Elmer inductively coupled plasma mass spec-
trometer (ICP-MS). Leaching of Pd from the fixed bed reactor
have been checked by ICP-MS on the effluent collected at the
outlet of the reactor. Samples for Transmission electron micros-
copy (TEM) analysis were dispersed as dry powder on a 300
mesh copper grit. Images were recorder with a JEOL JEM 2100
TEM model operating at 200 kV. X-ray photoelectron spectra
(XPS) were recorded on a Kratos Axis Ultra DLD spectrometer
using a monochromatic Al Ka X-ray source. X-ray source (75-
150 W) and analyser pass energies of 160 eV for survey scans,
or 40 eV for detailed scans. Specific surface area and mi-
croporous volume were determined from nitrogen adsorption
isotherms by using DFT method. Porosimetry measurements
were performed on a Quantachrome Autosorb iQ2. Adsorption
isotherms were obtained at 77 K. Raman measurement were
obtain by means of a Renishaw spectrometer and using as light
source a Laser light with 514 nm.
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