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Abstract
Chemical hydrogen storage in molecules such as ammonia (> 17 wt% Hz) have the unique potential

to overcome the current storage and transport limitations of the H2 economy. However, sustainable
on-demand production of hydrogen via ammonia decomposition, requires the development of novel
transition metal-based catalysts beyond the current use of highly active but expensive ruthenium to
ensure economic feasibility. In this paper, we provide fundamental understanding of the effects of a
range of synthetic methods of Co/y-Al203 catalysts on the resulting ammonia decomposition activity.
The main activity determining factors are collectively the reducibility of the cobalt species and their
particle size. This systematic work demonstrates that decreasing the cobalt particle size enhances the
ammonia decomposition catalytic activity. However, a careful balance is required between a strong
metal-support interaction leading to small particle sizes (promoted by precipitation methods) and the
formation of inactive cobalt aluminate species (encouraged by adsorption methods). In addition,
impurities such as boron and chloride remaining from particular synthetic methods were found to

have detrimental effects on the activity.
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Introduction

Hydrogen has been identified as a clean, alternative energy vector that could one day replace fossil
fuels for portable applications.! The uptake of hydrogen-dependent technologies is currently limited
by difficulties to economically store hydrogen with a sufficiently high density. In addition, public
acceptance is low due to safety concerns regarding its physical storage and transportation.
Alternatively, hydrogen can be chemically stored in molecules such as methanol, methane, ammonia
and its derivatives (e.g. NH3BHS3), metal amine salts (e.g. Mg(NH?3)sClz or Ca(NHz3)sCl2) and metal

hydrides (e.g. LaNisHs or NaAIHa).34

Out of these compounds, ammonia is an attractive carbon-free option® owing to its high 17.6 wt.%
hydrogen content, exceeding the 9 wi% target set by US Department of Energy in 2015. It also
presents a narrow flammability range in air (16 to 25 vol%) compared to Hz (4 to 75 vol%) and low
pressure liquefaction (8 bar). The extensive use of ammonia in the fertiliser industry means that there
are existing transportation and distribution networks, and established safety protocols to support the
current large scale annual production (> 100 million tonnes).>%° The toxicity of ammonia may be
concerning but the strong smell is practical for identifying leaks. Alternatively, metal amines can be

used to safely store ammonia as a solid.*®

In order for the ammonia molecule to be a viable route for hydrogen storage, on-demand H:
production via its decomposition needs to be carried out at temperatures aligned with the operating
temperature of a proton exchange membrane fuel cell (PEMFC), below 150 °C. The design of
catalysts capable of effectively operating under these conditions is inherently challenging due to the
endothermic nature of the reaction. Furthermore, at low temperatures, nitrogen desorption is the rate
limiting step and thus the catalyst can be poisoned by strongly bound N-adatoms.*® However, metal

active sites still need to interact with nitrogen strongly enough to bind ammonia molecules but not so
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strongly that the nitrogen atom cannot be desorbed after the N-H bonds have been cleaved. As a
result, the metal-N binding energy is often used as a key parameter for ammonia decomposition

catalyst design.'>*2

The most effective reported catalysts for low temperature ammonia decomposition are based on
electronically promoted ruthenium as it possesses an optimum nitrogen binding energy.?!3-1°
However, the cost and scarcity of ruthenium is impractical for large scale use in catalysis.'® Thus,
active catalysts based on readily available, non-noble metals need to be developed for low
temperature NHz decomposition.5” Our recent review on the subject identified cobalt as a possible
replacement, however, the limited existing studies show poor activity, especially at low

temperatures.*®

It is well known in the catalysis field that the choice of nanoparticle synthesis method is critical as it
can result in the formation of distinct particle sizes and can modify the metal-support interaction, both
of which have implications on catalytic activity.® We have demonstrated that the ammonia
decomposition activity of cobalt-catalysts is greatly enhanced when using microporous carbons
compared to mesoporous or non-porous carbons, suggesting the importance of cobalt particle size to
catalyse this reaction.?’ However, to date there is no robust systematic study on the effect of the cobalt
loading method on the catalyst properties with the resulting ammonia decomposition activity. Herein
we show the implications of the cobalt loading method on y-alumina (including variations on
impregnation, adsorption and precipitation technigues) on the ammonia decomposition activity owing
to changes in the particle size, reducibility and composition. This study provides unique design
guidelines to accelerate the understanding and discovery of active cobalt-based catalysts for this

application.

2. Experimental
2.1 Synthesis of support



y-Al203 support was prepared by a hydrothermal method as described in our previous work.?! To
summarise briefly, aqueous solutions of NaOH and Al(NOs)3-9H20 are added to a Teflon lined steel
autoclave in a 3.91:1 reagent ratio molar ratio (pH 11.2). The sealed autoclave remains in an air-
circulating oven for 20 hours at 200 °C. The resulting white y-AIOOH precipitate is obtained by
centrifugation and is dried overnight at 80 °C under vacuum. The ground y-AlIOOH powder is
calcined at 500 °C for 3 hours (3 °C-min rate) to yield y-Al2Os. The final y-Al203 product is washed
with distilled water and dried overnight at 80 °C under vacuum.

2.2 Cobalt loading

Cobalt is loaded onto the 2D y-Al203 support using different methods including impregnation,
adsorption and precipitation. The cobalt precursor is cobalt (IlI) nitrate hexahydrate
(Co(NO3)2:(H20)s6, Sigma Aldrich 99.999 wt%) and all catalysts are prepared with a loading of 7.7
wt.% Co (assuming all cobalt is loaded). After synthesis, the catalysts are dried at 80 °C overnight
under vacuum and all the catalysts herein are calcined at 250 °C (5 hours, 1 °C-min‘t). Catalysts are
reduced at 580 °C (20 NmL-min™ pure Hz for 45 minutes, 5 °C-min) prior to characterisation (when
indicated) and before catalytic testing. The nomenclature for the catalysts follows XCo/Al.O3 where
X is the actual cobalt loading determined by elemental analysis.

The methods of cobalt loading are summarised below:

Impregnation: Both incipient wetness impregnation (IWI) and wet impregnation (imp) methods were
used, which differ by the volume of aqueous cobalt solution used. In IWI, a cobalt solution with a
volume equal to the pore volume of the support (1.6 mL-g™?) is added dropwise over the support. By
contrast, for wet impregnation the support is added to an excess volume of cobalt solution (100 mL),
stirred and heated to 60 °C for three hours. The solvent is removed by rotary evaporation.
Adsorption: The support and an excess aqueous volume (100 mL) are stirred and heated to 60 °C for

three hours. The catalyst is separated from the supernatant by centrifugation (4000 rpm, 3 minutes).



Precipitation: The same procedure as the adsorption method is carried out but with the addition of a
basic precipitant to the mixture. Four different precipitants were used including NaOH (0.125 mol),
a carbonate buffer obtained from Omega (50 mL containing 0.26 wt% Na2COs, 0.21 wt% Na(COz3)2,
0.01 wt% bromthymol blue and 99.52 wt% H:0), a borate buffer from Fisher Chemicals (50 mL

containing 0.5 wt% NaOH, 0.5 wt% H3BOs, 0.5 wt% KCI and 98.5 wt% H20) and urea (0.083 mol).

2.3 Characterisation

Temperature programmed reduction (TPR) is carried out using a Micromeritics Autochem 2920 using
20 mL-min of 5 vol% Hz in argon flow from ambient temperature to 900 °C at a heating ramp rate
of 5 °C-min. The outlet gas is analysed using a thermal conductivity detector and in some cases, a
mass spectrometer is used simultaneously. Crystalline phase identification of the samples is carried
out by powder X-ray diffraction (pXRD) analysis using a Siemens Kristalloflex diffractometer with
Cu Ka radiation (1.54 A), operated at 40 kV and 40 mA. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) is used for precise chemical composition determination. To analyse solids
by ICP-OES, acid digestion of the sample is carried out using aqua regia (3:1 acid mixture of 36 vol%
HCI and 70 vol% HNOs) heated to 90 °C. The diluted solutions are analysed by a Perkin Elmer
Optima 2100 DV spectrometer with argon as the torch gas and nitrogen for purging. The specimens
are prepared for transmission electron microscopy (TEM) analyses by placing one drop of the sample
suspended in ethanol onto a carbon-coated 300 mesh copper mesh grid (C300Cu, EMResolutions).
High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) is carried
out on a TESCAN MIRAS at 30kV accelerating voltage. X-ray photoelectron spectroscopy (XPS)
analyses are carried out on a KRATOS Axis Ultra DLD instrument. Approximately 10 mg of sample
is mounted as a loose powder in a molybdenum sample holder. The measurements are carried out
using an achromatic Al ka source (15 kV, 10 mA). The position of aluminium (Al 2p) at 74.0 eV is

used for spectral calibration.



2.4 Catalyst testing

For a typical ammonia decomposition reaction, 25 mg of catalyst is evenly dispersed in a packed bed
with 450 mg of inert coarse silicon carbide (360 um) diluent inside a U-shape quartz reactor preceded
by 175 mg of fine silicon carbide (53 um). The coarse silicon carbide avoids a high pressure drop and
the fine silicon carbide ensures plug flow. The temperature of the packed bed is regulated by an
external tubular furnace (Carbolite) and a type K thermocouple above the exit of the catalyst bed.
Catalysts are pre-reduced in-situ at 580 °C for 45 minutes to ensure complete reduction under these
conditions. After that, a mixture of NHz (2.5 NmL-min) and He (6 NmL-min™) is continuously fed
into the reactor giving a gas hourly space velocity (GHSV) of 6000 mLnhs-geat>-h™2. The outlet gas
stream flows through a gas chromatograph (Agilent 7820A) equipped with a Porapak Q column, a
thermal conductivity detector (TCD) and a 6-way value enabling automated sampling. Only hydrogen
and nitrogen are detected as products. During the catalytic test, the temperature is increased from
ambient up to 580 °C at a rate of 2.6 °C-min™* for three consecutive heating and cooling runs. In all

cases, the reported activity corresponds to the third heating run.

3. Results and discussion

A range of synthetic methods have been screened to produce cobalt nanoparticles supported 2D
alumina in order to gain a fundamental understanding of the key parameters affecting the activity of
cobalt nanoparticles for the release of hydrogen via ammonia decomposition. The methods used are
incipient wetness impregnation (IWI), impregnation (imp), adsorption (ads), and precipitation with
NaOH (NaOH), carbonate buffer (carb), borate buffer (bor) and urea (urea). The choice of the 2D
alumina supports provides the same y-Al203 surface chemistry and morphology (Figure S1) across

all the materials.

Figure 1 shows the conversion versus temperature graph as well as the Arrhenius plot for each of the

catalysts. Apparent rate of reaction and TOF values are calculated taking into consideration the actual
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cobalt loading in each catalyst determined by ICP-OES. All the studied catalysts are active for the
ammonia decomposition reaction at temperatures above 380°C, except the catalyst prepared by

adsorption which shows activity only at temperatures above 470°C.
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Figure 1. NH3; decomposition catalytic data for Co/Al,O3 catalysts synthesised by different methods a) activity as a
function of temperature and b) Arrhenius plot. @ (7.7Co/Al,Os-IWI), @ (7.7Co/Al,0s-imp), A (1.4Co/Al,0z-ads), X
(6.8Co/Al,03-NaOH), - (7.6Co/Al,Os-carb), + (7.3Co/Al,Os-bor), M (3.8Co/Al,Os-urea).

All the preparation methods used in this study use 7.7 wt.% nominal cobalt loading. This loading has
been found to be optimal on ruthenium supported on carbon nanotubes as it maximises the
concentration of Bs active sites.? It is currently unknown in the literature what specific arrangement
of cobalt atoms are responsible for catalysing N-H bond cleavage, not least the loading required to
maximise the active cobalt clusters. As the focus of this work was to elucidate the effect of the
synthetic method on the final ammonia decomposition activity, the same theoretical 7.7 wt% Co
loading was used without further optimisation. However, the actual cobalt loading was found to vary
with each method based on the quantification by ICP-OES, (Table 1). In order to compare the
ammonia decomposition activity of the different methods, turn-over frequency values per amount of
cobalt at a given temperature (500°C) were calculated as shown in Table 1. In this way, it is clear that

the low activity observed for the 1.4Co/Al20s-ads catalyst is not solely due to its low cobalt loading.
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Table 1. Synthesis parameters, properties and ammonia decomposition catalytic activity of calcined Co/Al,O3 catalysts

synthesised by different methods.

Initial Catalyst Content TOF @ 500 °C ® EaP
ities © Wt9%6) b :
Catalyst Method pH?2 colour® Impurities (Wt%6) (molrz-molcot-h?)  (kJ-mol?)
Co Na
Carbonate
7.6Co/Al,O3-carb buffer 9.3 Dark green C, Na 7.6 3.0 156.4 105.3
precipitation
Urea .
3.8Co/Al;0O3-urea e 5.9 Violet C,Na, N 3.8 1.8 142.3 104.2
precipitation
7.7Co/Al,O3z-imp Impregnation n/a Dark brown C, Na 7.7 2.6 131.8 99.1
7.7Co/Al,Oz-1WI Wi n/a Black C, Na 1.7 2.7 120.3 103.9
NaOH
6.8Co/Al,03-NaOH s 10.8 Dark green C, Na 6.8 8.4 1134 108.6
precipitation
73C0/ALOybor  BOrAebUffer g o ok green O NABCL o 2.2 83.6 1200
precipitation K
. Light khaki
14Co/AL,Os-ads  Adsorption 6.5 'gg:eena ' C, Na 14 15 62.6 1207

2 pH of the cobalt precursor solution in the presence of precipitant.
® Reduced at 580°C.
¢ Determined by XPS (in addition to Al, O and Co expected elements).
d Calculated from ICP-OES of the digested calcined solid.

The activity of the catalysts per amount of cobalt increases across the series in the order 1.4Co/Al2Os-

ads < 7.3Co/Al20s3-bor < 6.8Co/Al203-NaOH < 7.7Co/Al203-1WI < 7.7Co/Al203-imp < 3.8Co/Al20s3-

urea < 7.6Co/Al20s-carb. As shown in Figure 2, there is not a direct relationship between ammonia

decomposition activity and cobalt loading for the catalysts prepared by different methods. It is

interesting to note that while the activation energy values of the most active catalysts ranges between

100 and 108 kJ mol™?, the catalysts prepared by borate buffer precipitation and adsorption have higher

values of activation energy (~ 120 kJ-mol™), suggesting the presence of different active sites.
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Figure 2: Ammonia decomposition turnover frequency values at 500 °C for the Co/Al,O; catalysts (reduced at 580 °C)

synthesised by different methods and their actual cobalt loading.

The catalytic activity of nanoparticles is known to have a strong relationship with their size.?? This
activity-size relationship is particularly strong in the case of cobalt-catalysed NHz decomposition.?
However, determination of the optimum catalytic size for this system is complex because other
complimentary parameters such as metal-support interaction may also play a role in determining the
activity.2-2° In the case of Co/Al20sz catalysts, cobalt particle size determination by conventional
imaging is not reliable due to the similarity in contrast between bulk alumina support and the cobalt.
Indeed, Figure 3 shows representative bright and dark field micrographs of the 7.6Co/Al2Os-carb
catalyst where some of the dark spots on the bright field picture appear brighter in dark field (Figure
3b) but remain challenging to interpret at high magnification, leading to potential size distribution

misinterpretations.



Figure 3. Representative (a) bright and (b) dark field SEM micrographs of 7.6Co/Al,Os-carb.

As a result, powder X-ray diffraction (pXRD) was used to estimate the average cobalt crystallite size
in the catalysts before and after reduction at 580 °C (Figure 4). The pXRD pattern of the alumina
support shows diffraction peaks at 40°, 46° and 67°, assigned to y-Al20s (JCPDS 10-0425). All the
fresh calcined catalysts (Figure 4a) present diffraction peaks associated to the alumina support.
Unfortunately, these diffraction peaks overlap with the major peaks associated to cobalt aluminate
and CoO so these species cannot be identified separately. However, the diffraction peaks at ~ 37° and
~ 44° can be used to identify Co304 and cubic Co®, respectively.?6-2¢ Well-defined Co304 peaks are
visible in the 7.7Co/Al203-1WI and 7.7Co/Al203-imp catalysts, with associated average size of 10.5
and 14.5 nm, respectively (Table 2). The absence of CosOa diffraction peaks in the 1.4Co/Al203-ads
material may be due to its low metal loading. CosO4 diffraction peaks are also absent for the catalysts
produced by precipitation, suggesting that a calcination temperature above 250 °C may be needed to
form crystalline Coz04.2° The pXRD patterns of 3.8Co/Al20z-urea and 7.7Co/Al203-IWI (Figure 4)
show an additional peak at ~ 28° due to the presence of NaNOs (JCPDS 36-1474)® in both the
calcined and the reduced diffractograms. Calcination or reduction of catalysts at higher temperatures
(above 580 °C reduction temperature) could have removed the presence of NaNOs, however, this

could have triggered agglomeration of the cobalt species, which is undesirable for this study.

Adsorption is normally a popular method for obtaining small particle sizes by promoting strong

metal-support interactions,! however, depending on the surface chemistry of the support, low metal
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loadings can be achieved like in this particular case with Co/y-Al20s. Indeed, the low loading arises
from the fact that the acidic nature of the cobalt precursor decreases the pH of an aqueous cobalt
nitrate solution mixed with y-Al203 to pH 6.5, below the point of zero charge (PZC) for y-Al20s,
which ranges from pH 7 to 10.%? Thus, cobalt cation loading is electrostatically unfavourable,
resulting in low cobalt loading. To overcome this limitation, a series of basic precipitants were used

to raise the pH above the PZC to induce cobalt precipitation and facilitate higher cobalt loadings as

shown in Table 1.

a) Calcined @ 250 °C b) Calcined @ 250 °C and reduced @ 580 °C
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Figure 4. pXRD spectra of Co/Al,O3 samples synthesised by different methods a) fresh calcined at 250°C and b) reduced
at 580°C i) Al,O3 support (grey), ii) 7.7Co/Al,O3-1WI, iii) 7.7Co/Al,03-imp, iv) 1.4Co/Al,Os-ads, v) 6.8Co/Al,O3-NaOH,
vi) 7.6Co/Al,Os-carb, vii) 7.3Co/ Al,0s-bor and viii) 3.8Co/Al,Os-urea. y-Al,03 JCPDS 10-0425, Co30,JCPDS 43-1003,
Co? JCPDS 15-806, NaNO3z JCPDS 36-1474.

After reduction at 580 °C, in addition to the pXRD peaks associated to the y-Al203 support, Ca® peaks
are visible in the 7.7Co/Al203-IWI, 7.7Co/Al203-imp, 6.8Co/Al203-NaOH, 7.6Co/Al203-carb and

7.3Co/Al203-bor catalysts (Figure 4b).

The line broadening of the pXRD diffraction peaks for both calcined (250 °C) and reduced (580 °C)

catalysts was used with the Scherrer equation to calculate the average crystallite size of Co304 and
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Co® respectively (Table 2). The data shows that the ammonia decomposition catalytic activity of the
different catalysts generally increases as the CoP crystallite size decreases. It is important to note that
the reported CoP sizes might be overestimated due to the exposure of the catalysts to air prior to pXRD
analysis as particles less than 4 nm are thermodynamically capable of re-oxidising and are below the
detection capability of pXRD.* It is not possible to estimate the extent of oxidation by pXRD due to
the overlap of the CoO diffraction peaks with those of the alumina support, however the trend of size

increase should not be affected.

Table 2. Average cobalt particle sizes and Co?* reduction temperatures of Co/Al,Oj3 catalysts synthesised by different

methods.
Average C0:04 Average Co° Co?* to Co°
Catalyst particle size @ particle size ® ¢ reduction
(nm) (nm) temperature (°C)

7.6Co/Al,O3-carb No peak 7.7 535.1, 588.6
3.8Co/Al,0O3-urea No peak No peak 537.8

7.7Co/Al;Oz-imp 145 9.3 405.0, 513.1
7.7Co/AlOz-1WI 10.5 111 463.3

6.8Co/Al,03-NaOH No peak 14.8 494.0, 574.0
7.3Co/Al,O3-bor No peak 17.0 549.5
1.4Co/Al;03-ads No peak No peak 604.5

2 Calculated using the FWHM of the Co304at ~ 37° (JCPDS 43-1003) with the Scherrer equation.
b Calculated using the FWHM of the deconvoluted cubic Co peak at ~ 44° (JCPDS 15-806) with the Scherrer equation.
¢ Reduced at 580°C.

X-ray photoelectron spectroscopy (XPS) was used to identify the cobalt species formed by each of
the synthesis methods. The shape of the multiplet XPS cobalt envelope enables identification of the
cobalt oxidation state (Co®, Co?* and Co®"), facilitated by the fittings of Biesinger et al.3* for CozOs,

Co(OH)2, CoO and Co°. The XPS spectra of the calcined catalysts in Figure 5 confirms the surface

-12 -



cobalt species to be CosOz in all the catalysts except 3.8Co/Al-Oz-urea, which is predominantly Co?*
with minor CosO4. The confirmation of CosOs by XPS combined with the lack of CosO4 pXRD
diffraction peaks of 6.8Co/Al203-NaOH, 7.6Co/Al:0s-carb and 7.3Co/Al20Os3-bor catalysts, suggest
that CosOais poorly crystalline or amorphous in these catalysts. By contrast, for the catalysts obtained
by the impregnation methods (IWI and imp), clear CosO4 pXRD diffraction peaks were observed,
indicative of crystalline CosOa4. Indeed, only the 7.7Co/Al203-1WI and 7.7Co/Al2Os-imp catalysts
present a black/brown colour (Table 1), characteristic of C0304 In the case of the 3.8Co/Al2Oz-urea
catalyst, the envelope of the Co?* set of XPS peaks (pink line in Figure 5g) has a similar shape as the
fitted curves for CoO or Co(OH) reported by Biesinger et al.34, with the peak at 786 eV confirming
Co?" is the oxidation state. However, the binding energy values closely agree with the spectra of Yang
et al.*® for cobalt hydroxide carbonate (Co2CO3(OH)2), suggesting this is the nature of the dominant
Co?* species, in agreement with the violet catalyst colour and the absence of Cos04 pXRD diffraction

peaks.
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Figure 5. Co 2p XP spectra for the fresh calcined catalysts synthesised by different methods a) 7.7Co/Al,O3-1WI1, b)
7.7Co/Al,O3-imp, ¢) 1.4Co/Al;Os-ads, d) 6.8Co/Al,03-NaOH, e) 7.6Co/Al,Os-carb, f) 7.3Co/Al,Os-bor and @)
3.8Co/Al,Os-urea. Black lines = raw data, orange lines are fitted to Co3O4 and pink lines are fitted to CoO.
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Further information regarding the effects of the different synthetic methods on the resulting cobalt
species as well as the metal-support interaction was obtained by analysis of temperature programmed
reduction (TPR) profiles (Figure 6) and XPS analysis with in situ reduction (Figure 7). The TPR
profiles of all the catalysts have been peak fitted and the different reduction steps have been assigned
and colour-coded in Figure 6. Analysis of the outlet gases during TPR characterisation by mass
spectrometry enables the distinction between reduction peaks and those due to the removal of
impurities such as carbon and nitrates. The reduction profile of the y-Al203 support is shown by the
dashed black lines for reference, showing its negligible overall effect on the signal relative to the
reduction of other species present in the catalyst. The dashed vertical purple line at 580 °C on the

graphs represents the reduction temperature prior to ammonia decomposition catalytic testing.
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Figure 6. TPR profiles of the calcined Co/Al,O3 catalysts synthesised by different methods. a) 7.7Co/Al;Os-1WI, b)
7.7Co/Al,O3-imp, ¢) 1.4Co/Al;Os-ads, d) 6.8Co/Al,03-NaOH, e) 7.6Co/Al,Os-carb, f) 7.3Co/Al,Os-bor and g)
3.8Co/Al,O3-urea. Normalised TCD signal = black line, alumina support TCD signal = black dashed line, chosen 580 °C
reduction temperature = vertical purple dashed line. Fitted envelope peaks: Co®* = Co?" = burgundy line, Co?* = Co°=

blue line, CoAl,04 = Ca®= green curve and removal of impurities = grey line.
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Cobalt reduction typically follows a two-step process from Co®* to Co?* to Co%3" Additional
processes identified by TPR include the reduction of irreducible cobalt aluminate species from 800
to 1000 °C and the removal of impurities such as carbon or nitrogen.338 In all the catalysts, except
for the 3.8Co/Al20s-urea, the TPR profile (Figure 6) shows a reduction peak associated to the first
cobalt reduction step from Co®*" to Co?* (burgundy line) which usually takes place from 260 to 450
°C.26:333940 The Co®* reduction takes place towards the high temperature end of this range (444 °C)
for the 7.6Co/Al20s-carb catalyst, suggesting a strong metal-support interaction, although the
intensity of this peak is relatively low. It is likely that this high reduction temperature is directly
associated to small particle size, in agreement with pXRD, leading to a high ammonia decomposition
catalytic activity. In the case of the 3.8Co/Al2Oz-urea catalyst, the absence of a Co®* reduction peak
is in agreement with the XPS identification of C02CO3(OH): rather than the typical Co3O4 mixed

oxide present in the other catalysts, as discussed earlier in this paragraph.

ICP-OES elemental analyses of the fresh calcined catalysts reveal the presence of impurities in the
catalysts (Table 1), with residual carbon present in all the catalysts. Removal of this carbon during
reduction was observed by TPR-MS of the 7.6Co/Al2Os-carb catalyst at around 200 °C (Figure 6e),
based on a mass spectrometry peak at m/z 16, indicative of CH4 evolution. Similarly, the 3.8Co/Al20s-
urea catalyst exhibits a high temperature methanation peak at 456.3 °C (Figure 6g) in agreement with
a decrease in carbon content from 3.2 wt% to 0.4 wt% after reduction at 580 °C as determined by
XPS composition data. Removal of residual nitrates by conversion to nitrogen at temperatures below
225 °C was observed for the catalysts synthesised by impregnation, adsorption and precipitation with

a borate buffer, confirmed by a m/z 28 mass spectrometry peak.?®

The second reduction step (Co?* to CoP) requires relatively high temperatures with Al2Oz supports as
the Co-Al203 metal-support interaction is stronger than with common supports such as carbon

materials and other metal oxides.?>*® This strong interaction is evidenced by a broad, high
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temperature Co?* reduction peak in the range of 400 °C to 800 °C.**4! In several cases, such as
7.7Co/Al203-imp, 6.8Co/Al203-NaOH and 7.6Co/Al20Os-carb catalysts, this second reduction peak is
fitted to two peaks, indicative of different metal-support interactions, potentially associated to a broad
particle size distribution. In general, for a given system, a shift of the Co?" to Cao° reduction
temperature towards higher values is related to both smaller particle sizes and/or stronger metal-

support interaction.®

Taking into consideration that Ca® is generally accepted as the active species for the ammonia
decomposition reaction,*® one can make a direct link between species reducibility and catalytic
activity. For example, comparing the two catalysts synthesised by impregnation methods (imp and
IWI), the former presents a higher activity and lower particle size than the latter which is reflected by
similar shape TPR profiles shifted to slightly higher reduction temperatures in the case of the more
active imp catalyst. This size-activity relationship also explains the high catalytic activity of the
7.6Co/Al203-carb catalyst. Based on this correlation, similar high activities should be expected for
the 6.8Co/Al203-NaOH and 7.3Co/Al20s-bor catalysts however, in the first case the methanation peak
observed around 630 °C in the TPR profile indicates residual carbon in the catalyst after reduction at
580 °C. The presence of carbon could be detrimental to activity as it may affect the accessibility of
the active sites. In the case of the 7.3Co/Al20Os-bor, ICP-OES analysis shows that the catalyst contains
contaminants such as B and ClI, believed to be derived from the synthetic method (as the borate buffer
precipitant is composed of 0.5 wt% of NaOH, H3sBOs and KCI). The presence of these contaminants
may explain the lower activity of 7.3Co/Al20s-bor (Figure 1).#24 It is important to mention that all
the catalysts contain sodium from the hydrothermal route used in the synthesis of the alumina support
(Table 1), which is present despite catalyst washing. However, the presence of sodium is not believed
to considerably affect the catalytic activity, as we have previously demonstrated that group 1 electron
donating elements such as cesium do not alter the ammonia decomposition catalytic activity of cobalt-

based catalysts.?
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Another important parameter to consider is the reducibility degree of the cobalt species depending on
the preparation method. XPS characterisation of the in situ reduced catalysts is shown in Figure 7, in
which the catalysts generally show the Co° characteristic peaks with minor contributions from Co?".
In the case of 7.7Co/Al203-1WI, 7.7Co/Al203-imp, 6.8Co/Al203-NaOH and 7.6Co/Al20s-carb, the
Co?* contribution fits with the presence of CoO according to the peak fitting of Biesinger et al.®*.
However, the prevalence of larger Co?* peaks after reduction in the 1.4Co/Al203-ads, 7.3Co/Al20s-
bor and 3.8Co/Al20z-urea catalysts and their poor fitting to CoO suggests the presence of a different
Co?* species, such as CoAl20s or Co2Al04 (cobalt aluminates). Indeed, the presence of cobalt
aluminate species is confirmed in the TPR profiles of these catalysts by the presence of a high
temperature reduction peak above 800 °C, assigned to the reduction of cobalt aluminates, CoAl204
to Ca®. The high reduction temperature gives rise to their description as “irreducible” 3%, Due to the
low loading, the abundance of these cobalt aluminates is suggested by the catalyst colour in the case
of 1.4Co/Al203-ads as the catalyst remains pale blue (characteristic colour of cobalt aluminate) after
reduction at 580 °C, however the catalyst is transformed to a black powder containing metallic cobalt
after reduction at 1000 °C. The reduction peak centred at 770 °C in the TPR profile of 6.8Co/Al203-
NaOH catalyst (Figure 6d) is similar to that observed for unsupported cobalt nanoparticles

precipitated by NaOH and therefore the peak is not believed to be due to CoAl204 reduction.
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Figure 7. Co 2p XPS spectra for the in-situ reduced catalysts (580 °C) synthesised by different methods a) 7.7Co/Al,O3-
IWI, b) 7.7Co/Al,O3-imp, ¢) 1.4Co/Al,Os-ads, d) 6.8Co/Al,03-NaOH, e) 7.6Co/Al,0s-carb, f) 7.3Co/Al,Os-bor and g)

3.8Co/Al,Oz-urea. Black lines = raw data, pink lines are fitted to CoO and blue lines are fitted to Co°.

According to XPS data, all the catalysts, independent of their synthetic method, contain unreduced
species after reduction at 580 °C, in agreement with the TPR discussion above. The proportion of Co°
after reduction is quantified by comparing the cumulative area under the Co® peaks relative to the

total cobalt peaks area, as shown in Figure 8.
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Figure 8. Proportion of Co® in Co/Al,Oj catalysts synthesised by different methods after reduction at 580 °C determined
from XPS spectra.
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According to XPS derived data shown in Figure 8, the catalysts synthesised by impregnation and
precipitation by NaOH, carbonate and borate buffers are the most reducible at the surface. Despite
the relatively low Co surface reducibility of 3.8Co/Al20s-urea (Figure 8) estimated by XPS, the
catalyst exhibited good activity which may in part be thanks to the absence of cobalt aluminate species
on the TPR profile. Conversely, the low reducibility estimated by XPS of the catalyst synthesised by
adsorption (1.4Co/Al203-ads) is reflected by the poor ammonia decomposition activity. The low
reducibility of 1.4Co/Al203-ads is in part due to the strong metal-support interaction favouring the
formation of “irreducible” Co?* spinel-like species (CoAl20a4), in which cobalt atoms have propagated

into the y-Al203 support lattice.

Conclusions
A range of synthetic methods including adsorption, impregnation and precipitation with a range of

precipitants (urea, NaOH, borate and carbonate buffers) were used for the deposition of cobalt on an
alumina support to identify the main physical properties governing the catalytic activity for hydrogen
production from ammonia decomposition. Particle size plays the most important role with catalytic
activity generally increasing as the cobalt particle size decreases. The catalysts prepared by
precipitation with a carbonate buffer shows the highest activity within the studied range due to the
small average Co° particle size, the high reducibility of the cobalt species and the absence of
additional contaminants. Catalyst synthesis by precipitation with urea leads to the initial formation of
C02C03(0OH): after calcination, rather than the typical mixed oxide Co3O4 obtained by the other
methods, which after reduction leads to a strong-metal support interaction and consequently relatively
lower reducibility of the cobalt species but nevertheless presents good activity. Conversely,
precipitation with a borate buffer leaves impurities on the surface of the catalyst including potassium,

boron and chlorine, which have a detrimental effect on their ammonia decomposition catalytic
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activity. Impregnation methods form catalysts with highly reducible cobalt species however, weak
metal-support interactions and larger particle sizes result in mediocre catalytic activities. By contrast,
the use of the adsorption method produces a catalyst with a considerably lower cobalt loading due to
the acidic pH during synthesis and a strong metal-support interaction, promoting the formation of
inactive cobalt aluminate species, reducing the overall available Co°. A delicate balance between
small particle size and cobalt-support interaction strength to facilitate high cobalt reducibility without
encouraging the formation of cobalt aluminates is identified as the key design criteria for discovery

of superior cobalt-based catalysts to accelerate the rate of hydrogen release from ammonia.
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