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Abstract
Developing highly active catalysts for the decomposition of ammonia to produce hydrogen is an important goal in the 
context of renewable energy. Allied with this is a need for identification strategies to efficiently design novel catalysts 
integral to ensuring rapid progress in this research field. We investigated the efficacy of N–binding energy and periodic 
table interpolation to predict active bimetallic nanoparticle catalysts. Supported iron-platinum and iron-palladium were 
identified and experimentally shown to be more active than their monometallic analogues. Atomic resolution electron 
microscopy indicated that the most active catalyst (5 wt% Fe80Pt20/γ-Al2O3) was principally formed of alloyed nanoparticles. 
It restructured during testing, yet no activity loss was noted at 20 h time-on-line. While these findings show that periodic 
table interpolation may be a viable tool for identifying active combinations of metals, the activity of the catalysts in the 
current work were not able to outperform the Ru/Al2O3 benchmark. Further catalyst optimization or refinement of reaction 
descriptors may facilitate the development of catalysts with higher intrinsic activity than the current state-of-the-art catalysts.
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1  Introduction

Climate change is one of the greatest challenges of our 
time. It is directly responsible for numerous ecological 
disasters, such as coral bleaching and the melting of the 
polar ice caps. A significant contributor to climate change 
is the CO2 emitted from burning fossil fuels, which has 
motivated research into a clean “hydrogen economy,” as H2 
combustion will produce only clean water as a by-product. 
A recent Intergovernmental panel on climate change (IPCC) 
study reported that the environmental situation is far worse 
than previously thought; radical changes are required 
immediately to stop global temperatures increasing by 2 °C, 
accelerating the need for clean fuels [1].

Proton exchange membrane fuel cells (PEMFCs) can 
be an alternative to combustion technology. The use of 
hydrogen in PEMFCs produces no COx by-products, 
yielding significantly cleaner energy than combustion 
sources [2]. However, hydrogen fuel is limited by storage 
and transportation issues, requiring large storage tanks at 
pressures in excess of 200 bar. Thus, alternative hydrogen 
sources have been widely investigated [3–6]. Methanol and 
methane are two traditional examples of hydrogen-storing 
molecules; however, both produce COx products upon 
utilization. This by-product poisons the membranes of 
PEMFCs, and, therefore, cannot be used as a fuel source in 
this particular application [7, 8]. Alternatively, ammonia has 
been recognized as a suitable hydrogen carrier and is now 
being investigated as a source of H2 for fuel cells [8–11]. 
Ammonia can also be liquefied at moderate pressures and 
ambient temperature, enabling it to be stored and transported 
easily, making it compatible with the current liquid fuel 
infrastructure [12]. However, ammonia is also a poison 
for PEMFCs (with tolerances of 0.1 ppm) [13], although 
it can be effectively removed by the use of an absorber or 
membrane reactor [14, 15].

Ammonia decomposition is considered a critical reaction 
in the search for a feasible source of hydrogen for fuel cell 
technology. At the point of use, ammonia can be broken 
down into hydrogen for fuel, with the only by-product being 
harmless nitrogen. However, current catalysts are often based 
on scarce metals such as Ru or contain complex supports 
unsuitable for scale-up, such as carbon nanotubes [16]. The 
NH3 decomposition reaction proceeds through sequential 
dehydrogenation steps followed by the combinative desorption 
of H2 and N2 [17]. The rate-determining step (RDS) depends 
on the nitrogen binding energy, where a strong binding 
facilitates the N–H bond scission and a weak one facilitates 

the combinative desorption of nitrogen [18]. As a result, a 
volcano plot of activity as a function of binding energy can 
be produced [18, 19]. Due to its high intrinsic activity, Ru 
has been widely studied, with many studies investigating the 
optimal particle size and active sites [20–22]. Even as a single 
catalyst, Ru has been shown to be the most active [23–25].

However, Ru is scarce, making it undesirable as a mass-
market catalyst [26]. Periodic table interpolation theory 
posits that the N-binding energy of an alloy is a linear 
combination of that of the parent metals [19, 27]. Therefore, 
an optimized intermediate binding energy could be formed 
by alloying abundant metals with high and low N-binding 
energy. For the ammonia synthesis reaction, which can also 
be described using N-binding energy, the bio-inspired CoMo 
catalyst was predicted through periodic table interpolation and 
demonstrated to be more active than Ru [19]. CoMo is also 
active in the decomposition reaction [28]. It has been noted 
that under reaction conditions, alloys can undergo surface 
segregation. As such, the N-binding energy on the pristine 
CoMo per se can become an ineffective descriptor to predict 
the catalyst’s activity [27]. Metal multilayer surfaces where Ni, 
Fe, or Co are added to Pt(111) have also been predicted and 
demonstrated to be active at < 300 °C while the sub-surface 
configurations of the same metals (e.g. Pt–Co–Pt or Pt–Fe–Pt) 
were not, indicating the importance of nanostructure [27, 29].

In this work, we use periodic table interpolation based on 
the Sabatier principle as a design tool for preparing active 
catalysts, as detailed by Nørskov and co-workers [30]. To 
support this principle, we prepared a series of monometallic 
catalysts to underpin the investigation of two candidate 
nanoalloy catalysts (Fe-Pt and Fe-Pd). Novel-supported 
alloy preparation methods have garnered much attention in 
recent years [31–33]. Chemical vapor impregnation (CVI) 
is a solventless alternative to the colloidal methods more 
commonly employed and has been successfully applied in 
preparing supported nanoparticle catalysts [34–36]. CVI was 
employed to prepare the catalysts, which were characterized, 
and electron microscopy was used to investigate the 
nanoparticle structure of the promising Fe-Pt formulation 
before and after use.

2 � 2Methods

2.1 � Materials

Gamma-alumina; γ-Al2O3 (powder, ultra-dry; 90 
m2 g−1), platinum(II) chloride; PtCl2 (98%), platinum(II) 
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acetylacetonate; Pt(acac)2 (97%), palladium(II) chloride; 
PdCl2 (≥ 99.9%), palladium(II) acetylacetonate; Pd(acac)2 
(99%), iron(III) chloride; FeCl3 (anhydrous for synthesis), 
iron(III) acetylacetonate Fe(acac)3 (≥ 99.9%), ruthenium(III) 
chloride; RuCl3 (Ru content 45–55%), ruthenium(III) 
acetylacetonate; Ru(acac)3 (97%), nickel(II) chloride; 
NiCl2 (98%), nickel(II) acetylacetonate; Ni(acac)2 (95%), 
cobalt(II) chloride; CoCl2 (anhydrous, ≥ 98.0%) cobalt(II) 
acetylacetonate; Co(acac)2 (97%) were used as received and 
purchased from Merck (Sigma Aldrich). Argon, 5000 ppm 
NH3/Ar and 5% H2/Ar supplied by BOC.

2.2 � Catalyst Preparation

2.2.1 � Wet Impregnation

Monometallic (Ru, Fe, Ni, Co, Fe, Pt and Pd) catalysts 
were prepared by wet impregnation. The appropriate mass 
of metal chloride precursor was measured to give a 5 wt% 
loading. These were dissolved in de-ionised water and 
added to 0.95 g of dried γ-Al2O3 support. The mixture was 
stirred at 80 °C until the excess solvent was removed and 
the catalyst resembled a thick paste. The Co, Fe, Ni, Pd, and 
Ru catalysts were dried in a vacuum oven at 60 °C for 2 h. 
Due to safety issues with the use of chloroplatinates, the Pt 
catalyst was dried in a specific oven at 110 °C for 16 h. The 
catalysts were then reduced under a flow of 5% H2/Ar at 
550 °C with a temperature ramp rate of 10 °C min−1 for 3 h.

2.2.2 � Chemical Vapour Impregnation (CVI)

Monometallic (Ru, Fe and Pt) and bimetallic catalysts 
(FePt and FePd) with various molar ratios were prepared 
by chemical vapour impregnation (CVI) to prepare 
catalysts with a total metal loading of 5 wt%. Appropriate 
metal precursors (Pt(acac)2, Pd(acac)2, Ru(acac)3, and/or 
Fe(acac)3) were mixed with γ-Al2O3 in a Schlenk flask and 
heated to 140 °C for 1 h under vacuum. The as-prepared 
catalyst was reduced at 550 °C for 3 h in a flow of 5% H2/
Ar. As all catalysts in this study are 5 wt% loading and 
supported on γ-Al2O3, they will henceforth be referred to 
only by their molar metal ratio (i.e., Pt or Fe80Pt20).

2.3 � Ammonia Decomposition Reaction

Ammonia decomposition was carried out on pelleted and 
sieved catalyst samples (300–425 µm) in a quartz, fixed-
bed flow reactor (i.d., 7 mm; catalyst mass, 100 mg) under 
a flow of dilute NH3 (5000 ppm NH3/Ar, 100 ml/min) at 
500 °C. The resultant GHSV through the catalyst bed was 
60,000  h−1, which was representative of the high space 
velocity expected to be used in catalytic NH3-dissociation 
reactors. Before the reaction, the catalyst was pre-treated 

under a flow of Ar (100  ml/min) at 500  °C for 1  h to 
remove any surface contaminants. On-line analysis of the 
effluent gas stream was carried out using a Gasmet DX4000 
Fourier-Transform Infra-red spectrometer (FT-IR) and the 
H2 formation rate was calculated after steady-state was 
achieved. Each reaction was carried out three times and an 
average used in the reaction data presented, where the error 
bars represent the standard deviation of each of the triplicate 
tests.

Equation 1 was used to calculate the ammonia conversion 
(CNH3) based on the difference between the moles of 
ammonia fed into the reactor, mNH3i, and that detected at the 
outlet, mNH3o:

From this the H2 formation rate was calculated according 
to Eq. 2:

where the formation rate of H2 (mmolH2 g−1 s−1) is given 
by the moles of ammonia fed, mNH3i (mmol s−1) into the 
reactor as a function of NH3 conversion, adjusted to the 
moles of H2 evolved in the reaction (1.5) over 1 g of catalyst 
(Catalystmass factor = 10 for 100 mg of catalyst as used in this 
study).

2.4 � Characterisation

Samples for examination by (S)TEM were prepared by dry 
dispersing the catalyst powder onto a holey carbon film 
supported by a 300 mesh copper TEM grid. Bright field (BF)
TEM images were taken using a JEOL 2100FX microscope 
operating at 200 kV. Bright field (BF) and high angle annular 

(1)C
NH3(%) =
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m
NH3i

− m
NH3o

m
NH3i

)
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Scheme 1   Elementary steps of the ammonia decomposition reaction; 
* indicates surface adsorption
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dark field (HAADF) STEM images of Fe-Pt catalysts were 
taken using an aberration-corrected JEM ARM-200CF 
microscope operating at 200 kV. This instrument was also 
equipped with a JEOL Centurio silicon drift detector for 
X-ray energy dispersive spectroscopy (XEDS). Particle size 
distribution analysis was performed from analysis of the 
HAADF electron micrographs using ImageJ.

CO-DRIFTS studies were carried out on a Bruker Tensor 
27 spectrometer using a Harrick in-situ cell equipped with 
2 mm CaF2 windows. The cell was connected to a water 
chiller, Harrick cell heater and thermocouple to regulate 
the temperature. A 2% CO/N2 mixture was flowed over the 
catalyst at room temperature at a rate of 20 ml min−1 until 
saturated (approx. 20 min) whereupon the gas flow was 
switched to N2 to purge any gas phase and physisorbed CO 
species. After the removal of gas-phase CO, a spectrum was 
recorded.

Samples were placed in metal sample holders and patterns 
were measured using a Panalytical X’Pert diffractometer 
with a Cu X-ray source operating at 40 kV and 40 mA. 
Patterns were attained by 40 min scans over a 2ϴ angular 
range of 5–80°. Phase identification was performed by 
matching experimental patterns against entries from the 
international centre for diffraction data (ICDD) database.

3 � Results and Discussion

3.1 � Relationship Between N–Binding Energy 
and Catalyst Activity

The interaction of atomic nitrogen with the catalysts 
(N–binding energy) is a suitable descriptor of catalytic 
activity for NH3 synthesis and decomposition reactions [25]. 
Materials with N-binding energy that is not too weak or too 
strong are good catalyst candidates. The rationale for this 
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Fig. 1   Relationship between initial H2 formation rate and N-binding 
energy a or N–H scission activation energy b over 5 wt% M/Al2O3 
(M = Fe, Co, Ni, Ru, Pd or Pt), Ru at 100% conversion; Error bars 
represent average activity of three reactions. Reaction conditions: 

100 mgcat, 100 ml/min (GHSV 60000 h−1), 5000 ppm NH3/Ar, 1 atm, 
500  °C, 2  h. N-binding and N–H scission activation energies are 
reported in ref. 30 and ref. 24 respectively
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Fig. 2   Activity profile of 5  wt% Ru/Al2O3 catalysts prepared by 
CVI (red circles) and wet impregnation (blue triangles) as a func-
tion of reaction temperature. Error bars represent average activity of 
three reactions. Reaction conditions: 100 mgcat, 100 ml/min (GHSV 
60000 h−1) 5000 ppm NH3/Ar, 1 atm, 2 h
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statement can be rationalized from the reaction mechanism 
of select elementary reactions presented in Scheme 1.

Ammonia initially adsorbs onto the catalyst’s surface 
through the N atom (step 1). Three consecutive N–H bond 
scissions occur, leading to H adsorbed on the catalyst’s 
surface (steps 2 to 4). The reaction proceeds through the 
associative desorption of adsorbed H and N atoms (steps 5a 
and b). The rate-determining step (RDS) in this mechanism 
is widely accepted to be either the first dehydrogenation 
(step 2) or the N2 desorption (step 5b) [24], which is 
dependent on the N–binding energy. When the N-binding 
energy indicates a weak interaction, the first N–H bond is 
difficult to cleave, and step 2 in Scheme 1 is the RDS. As 
the N-binding energy increases, the electron back-donation 
into the N–H antibonding orbital increases, facilitating 
N–H bond cleavage (steps 2–4). However, strong N-binding 
hinders the N2 associative desorption (5b), which becomes 
the RDS [37]. Such a dependence of the RDS on a physical 
property results in a volcano plot of activity, as introduced 
by Sabatier in the early 1900s, explaining the reasons behind 
optimum catalyst performance and design [30].

We have explored the relationship between N-binding 
energy and NH3 decomposition by preparing six 
monometallic transition metal catalysts (Fe, Co, Ni, Ru, 
Pd, and Pt) supported on γ-Al2O3 by wet impregnation. The 
H2 formation rate from NH3 decomposition, expressed as 
the mmol of H2 formed over a gram of catalyst per second, 
was plotted as a function of the N-binding energy values 
extracted from density function theory (DFT) calculations 
by Nørskov and co-workers [30] resulting in the volcano 
plot presented in Fig. 1a. The H2 formation rates achieved in 
this work (Fig. 1a and b) over the monometallic catalysts are 
comparable to those reported in the comprehensive review 
by Lucentini et al. [38]. The correlation between catalytic 
activity and N-binding energy also follows the expected 
trend; Ru is the most active catalyst achieving 100% 
conversion at 500 °C (0.072 mmolH2 g−1 s−1) (Fig. 1). For 
example, a 5% Ru/Al2O3 catalyst promoted with potassium 
(100% NH3 inlet flow, 30,000 h−1 GHSV, 400 °C) achieved 
an H2 formation rate of 0.07 mmol g−1 s−1 [39]. In contrast, 
an H2 formation rate of 0.88 mmol g−1 s−1 was achieved 
over a K-promoted 4.85% Ru supported on magnesia-
carbon nanotube catalyst (100% NH3 inlet flow, 60,000 h−1 
GHSV, 400 °C) [40]. The other metals with stronger/weaker 
N–binding energies are on either side of the highest catalyst 
activity. Co is an outlier; the N–binding energy implies that 
the NH3 decomposition rate should be higher (Fig. 1a). We 
consider that this discrepancy may be due to the dispersion 
of the metal or possible differences between the structure of 
the prepared catalyst and the structure used to calculate the 
value of N–binding energy. It was also noted that a similar 
correlation was found when the catalytic activity was plotted 

against N–H scission activation energy as calculated by 
Masel and co-workers [24] (Fig. 1b).

Despite the previous monometallic results, this study 
focuses on influencing the decomposition rate through 
rational bimetallic catalyst design [24, 30]. In both 
correlations, i.e. N–binding and N–H scission energies, Fe 
was on the opposite side of the volcano to Pd and Pt and, 
hence, according to periodic table interpolation, nanoalloys 
formed from Pt-Fe and Pd-Fe could be good candidates for 
NH3 decomposition. We extend Hansgen’s et al. investigation 
on Fe–Pt–Pt(111) surface active at low temperatures [29] 
to conventional nanoparticulate catalyst design. The H2 
formation rate over Fe-based catalysts indicates that it is 
typically low, in the order of 0.002–0.09 mmolH2 g−1 s−1 
[38]. Pt-based catalysts alloyed with Ni or Sn were reported 
to achieve H2 formation rates in a range of 0.009–0.103 
mmolH2 g−1 s−1. However, a rate of 0.103 mmolH2 g−1 s−1 
was achieved at 500 °C over a PtSn/MCM-41 catalyst with 
an NH3 flow rate of 250 ml min−1 [41]. Higher rates were 
reported; however, higher temperatures were required to 
reach these (T50 of ca. 600 °C, the temperature at which 
50% conversion occurs).

3.2 � Enhancing Catalyst Activity Using Chemical 
Vapour Impregnation as a Preparative 
Technique

CVI has emerged as a promising method to prepare active 
catalysts containing metals such as Fe and Cu [42, 43] and 
has also been demonstrated to be effective in preparing 
alloy catalysts such as PdZn [44]. The small (< 5  nm) 
nanoparticles typically prepared by CVI and their narrow 
particle size distribution suggest that it may be a viable 
route to preparing highly active ammonia decomposition 
catalysts. To validate this proposition, the activity of two Ru/
Al2O3 catalysts, one prepared by wet impregnation and the 
other by CVI, were tested between 200 and 500 °C (Fig. 2). 
Both catalysts show ammonia decomposition activity at 
temperatures as low as 300 °C with the catalyst prepared 
by CVI showing activity at temperatures as low as 200 °C 
(< 10% conversion). These reaction temperatures also agree 
with modelled micro-kinetic simulations [45]. The CVI 
catalyst was more active and had a T20 (the temperature at 
which 20% conversion occurs) of ca. 260 °C (H2 formation 
rate of 0.0144 mmol g−1 s−1), which is roughly 40 °C lower 
than the T20 value for the wet impregnation catalyst.

The active site for Ru catalysts has previously been 
identified as a B5-type site [46]. These B5 sites are important 
for ammonia synthesis and decomposition, and have also 
been shown to be the active site for Fischer–Tropsch 
synthesis and π-bond cleavage in diatomic molecules [47, 
48]. Therefore, preparing Ru nanoparticles with a high 
concentration of B5 sites is significant within catalysis. It 
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has also been shown that the optimum particle size for B5 
site formation is 3–5 nm [21]. This difference in reactivity 
between CVI and wet impregnation routes may be related 
to the number of B5 sites and the crystal structure of the 
nano-catalysts, as shown previously [45, 49]. Representative 
bright field TEM images of both Ru/Al2O3 catalysts are 
shown in Figure S1. Both methods produce Ru particles that 
are well-dispersed. The mean Ru particle size was 2.47 nm 
(average from 100 nanoparticles) when prepared by wet 
impregnation and 2.62 nm (average from 101 nanoparticles) 
when prepared by CVI. Although the difference in average 
particle size is small, it is consistent with the catalytic 
activity comparison (Fig. 2) of the 5 wt% Ru/Al2O3 catalysts 

prepared by CVI and IWI. Hence, CVI is chosen to be the 
main catalyst preparation method used throughout the paper 
as it can lead to well-dispersed supported nanoparticles and 
it is solvent-free.

3.3 � Evaluation of Nanoalloys with Different 
Rate‑Determining Steps

As illustrated in Fig. 1, monometallic Fe, Pd, and Pt catalysts 
are relatively inactive (< 0.01 mmolH2 g−1 h−1). The rate-
determining step is the N2 associative desorption over 
Fe, whereas it is the N–H bond scission over Pt and Pd. 
We prepared a systematic set of Fe-Pt and Fe-Pd catalysts 

Fig. 3   Powder XRD patterns of four compositions of FePt a and 
FePd b, and the two-parent mono-metals supported on γ-Al2O3; 
reflections labeled (filled circle) originate from γ-Al2O3.The region 
labeled (filled square) corresponds to where Pt(111) or Pd(111) and 

Al2O3(222) reflections are found. CO-DRIFTS spectra of the four 
compositions of FePt c and FePd d catalysts and their parent metals 
supported on γ-Al2O3
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with various nominal compositions via CVI to investigate 
the catalysts’ design efficacy using N-binding energy and 
periodic table interpolation. Preparation of both Fe-Pt and 
Fe-Pd alloys in several molar percentages (namely, Fe20M80, 
Fe40M60, Fe60M40, and Fe80M20, where M = Pd or Pt) was 
achieved. Initially, the catalyst synthesis via CVI was 
performed sequentially with an impregnation of Fe(acac)3 
followed by a reduction step and a subsequent impregnation 
with Pt(acac)2 before a final reduction step. Analysis of 
powder XRD patterns (Fig. S3) and TEM images (Fig. 
S4) suggested that this led to a considerable amount of 
unalloyed Pt, which formed large nanoparticles, the diameter 
of which progressively decreased as the Pt content of the 
alloy decreased. The evidence for the Pt nanoparticles being 
alloyed is based on the sharp reflections in Figure S4 of the 
seq-CVI catalysts assigned to Pt(111), where the Fe3Pt(111) 
reflection would be found at 40.3°. Therefore, all subsequent 

preparations were carried out by a co-CVI method whereby 
both metals were impregnated simultaneously, followed by 
a single reduction step under flowing 5% H2/Ar at 550 °C.

The powder XRD patterns of the supported series of 
co-CVI FePt catalysts with varying compositions, shown 
in Fig. 3a, display six broad reflections at 2θ values of 32°, 
37°, 39°, 47°, 62° and 68°, which correspond to the (220), 
(311), (222), (400), (333) and (440) planes respectively of 
the γ-Al2O3 support [50]. As the Pt content of the catalyst 
increases, an overlapping reflection at 2θ = 39° appears 
due to Pt(111), suggesting that some large, unalloyed 
Pt particles may still be present [51]. See Figure S3 for 
XRD of the support only. DRIFTS spectra with carbon 
monoxide (CO-DRIFTS) as probe molecule were recorded 
on the Fe, Pt, and FePt samples to assess the structure of 
the metal surface (Fig. 3c). In the Pt-only catalyst, two 
peaks with centers at 2052 and 2076 cm−1 are noted and 

Fig. 4   Representative HAADF-STEM image of the unused Fe80Pt20/
Al2O3 catalyst a  and its corresponding particle size distribution 
(diameter) b The higher magnification image shown inset in a dis-
plays some atomic columns highlighted in red with relatively lower 
contrast and are considered Fe-rich columns in the FePt particle. c 

An additional HAADF-STEM image and the corresponding X-ray 
Energy Dispersive Spectra from areas 1 and 2 highlighted in d dem-
onstrate that the particle labeled 2 contains both Fe and Pt
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attributed to CO adsorbed on Pt atoms associated with 
edge and kink sites, respectively [52]. These are consistent 
with the presence of small Pt particles as analyzed from 
the XRD data. The intensity of these two peaks decreased 
dramatically upon the introduction of Fe, suggesting that 
fewer of these sites are available for the binding of CO. 
At Fe-rich compositions (i.e., > Fe40), these peaks become 
lower in intensity and indistinguishable from the background 
profile. These observations indicate that most Pt was now 
alloyed with Fe, with only a lower concentration of isolated 
Pt sites remaining to bind CO.

The fresh Fe80Pt20 sample was analyzed using STEM. 
Representative images are displayed in Fig. 4a and c, and S5, 
with the corresponding particle size distribution in Fig. 4b. 
The XEDS results in Fig. 4d confirm that the prepared 
particles are indeed nano-alloys and that they are small and 
well-dispersed with a mean particle diameter of 1.75 nm 
(average from 536 particles). The larger (> 5 nm) particles 
present have a low population, and the overall population 
is dominated by particles with a diameter of < 3 nm. The 
HAADF-STEM image in Fig. 4a (inset) suggests some 
limited atomic ordering of the Fe and Pt in the nano-alloys 
may be occurring with this particle exposing the {100} and 
{110} facets of tetragonal FePt. EDS data in Fig. 4c and 
d, where the background region (red box) shows a Fe:Pt 
composition ratio of 82:18 and the particle (blue box) shows 
a Fe:Pt ratio of 83:17, confirmed that the molar ratio of 
Fe:Pt in the nanoparticle was close to that of the nominal 
ratio. This confirms the particles contain both Fe and Pt, 
and also suggests that Fe and Pt are likely to be present 
across the support surface, possibly atomically dispersed 
(a proposition supported by CO-DRIFTS measurements). 

These measurements indicate the potential to improve the 
nano-alloy formation’s efficiency further.

The catalytic activity over the series of Fe-Pt catalysts 
is shown in Fig. 5a. As previously indicated, the parent 
metals were both relatively inactive at 500  °C where 
respective H2 formation rates over Fe and Pt were 0.002 
and 0.007 mmol g−1 s−1. However, a synergistic effect can 
be seen for the nano-alloy catalysts, which all outperformed 
the parent metals. The most active catalyst was Fe80Pt20, 
which achieved ca. 82% conversion (H2 formation rate 
0.06 mmol  g−1  s−1) under the same reaction conditions. 
As discussed earlier, the alloy composition influences 
the efficiency of alloy formation; as the Fe content of the 
catalysts increases, the extent of alloying increases, resulting 
in a higher number of active nano-alloy sites and fewer, less 
active, unalloyed metal particles. However, it is recognized 
that metal dispersion and the efficiency of alloying present 
additional complexities, particularly when preparing 
supported nanoparticle catalysts. Furthermore, while the 
alloyed catalysts did not achieve the same activity level as the 
Ru catalyst, it demonstrates that two inactive metals can be 
used to form active NH3 decomposition catalysts, and further 
optimization of the catalyst may reduce the activity gap 
between FePt and Ru. Indeed, Hansgen et al. demonstrated 
through both theoretical and NH3-TPD experiments that 
Fe–Pt–Pt(111) was a highly active bimetallic composition, 
capable of decomposing NH3 at < 77 °C [29], highlighting 
the importance of nanostructure.

The stability of the most active (Fe80Pt20) catalyst was 
also assessed by running the ammonia decomposition 
reaction at 500 °C continuously for 20 h (Fig. 5b). During 
that time, no significant deactivation was observed, and the 
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Fig. 5   H2 formation rate as a function of nominal Pt/(Pt + Fe) (black 
square) and Pd/(Pd + Fe) (red circle) ratio at 2 h time-on-line a Error 
bars represent average activity of three reactions. Time-on-line (20 h) 

of NH3 conversion over Fe80Pt20/Al2O3 catalyst at 500 °C b Reaction 
conditions: 100 mgcat, 100  ml/min (GHSV 60000  h−1), 5000  ppm 
NH3/Ar, 1 atm
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activity profile suggests that the catalyst improved over the 
initial 4 h. We note that the time-on-line test at such a low 
concentration of NH3 does not truly reflect the stability of 
the overall catalyst activity. The catalyst may have taken 
time to reach steady-state operation during this initial period, 
which prompted us to analyze the recovered post-use catalyst 
by STEM imaging (Figs. 6a and S6) and XEDS analysis 
(Fig. 6c, d). Figure 6b shows that after 20 h testing, the mean 
particle diameter was 1.85 nm, an insignificant increase from 
the fresh catalyst (1.75 nm). This test indicated that Fe-Pt 
nano-alloys prepared by CVI are not only small and well-
dispersed when prepared but also resistant to sintering under 
reaction conditions and any other deactivation mechanism. 
However, we note that the nanoparticles underwent structural 
changes during the reaction, transforming from well-faceted, 
structured particles to random alloys. This restructuring 

could be responsible for the modest improvement in NH3 
conversion from 1 to 4 h time-on-line.

Pd has a similar calculated N-binding energy to Pt, 
meaning that the rate-determining step over Pd should also 
be N–H bond scission. It was expected that FePd nanoalloy 
catalysts would show similar results to these of FePt 
catalysts, namely a synergistic effect resulting in a higher 
conversion of ammonia. Four FePd catalysts were prepared 
similarly to the FePt catalysts and were characterized 
by powder XRD as shown in Fig. 3b. Five characteristic 
reflections due to γ-Al2O3 were observed. However, there 
were also two reflections at 2θ values of 39.90 and 46.6° 
attributed to Pd0 (100) and (200), respectively [53]. These 
signals indicate that the conditions of the preparation method 
were not ideal for the FePd catalysts and resulted in larger 
crystallites of Pd. The intensity of these peaks decreases 

Fig. 6   Representative HAADF-STEM images of the used Fe80Pt20/
Al2O3 catalyst a  and its corresponding particle size distribution 
(diameter) b A higher magnification HAADF image is shown as an 
inset in a, and some atomic columns with relatively lower contrast 

(implying they are Fe-rich) are highlighted in red. c An additional 
HAADF-STEM image and the corresponding X-ray Energy Disper-
sive Spectra from areas 1 and 2 are highlighted in c 
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as the Fe-content increases, suggesting that the extent of 
alloying increases or that the size of the Pd nanoparticles 
decreases.

CO-DRIFTS of the FePd series was performed to 
elucidate further the effect of the metal composition on 
the properties of the metal. The monometallic Pd sample 
exhibits two bands centered at 1979 and 1940 cm−1 (Fig. 3d). 
These are attributed to the bridging modes of CO on metallic 
Pd [54, 55]. Interestingly, no linearly bound CO was 
observed, expected at > 2000 cm−1, suggesting that surface 
Pd atoms were present in the catalyst or, more likely, that 
alloying with Fe caused a significant electronic modification 
of the metal nanoparticle that inhibited CO adsorption. After 
the introduction of Fe, the band at 1979 cm−1 observed in 
monometallic Pd disappeared, and the overall intensity of 
the adsorbed CO decreased by an order of magnitude. The 
lower stability of the bridged species at 1970 cm−1 has been 
previously reported [54]. Furthermore, as the Fe-content of 
the FePd alloy catalysts increased, the band at 1940 cm−1 
decreased and was not visible in the Fe60Pd40 and Fe80Pd20 
samples. It is thought that, as the Fe content of the catalyst 
increased, the extent of the alloying increased, and these 
bands decreased due to a lack of neighbouring Pd sites on 
the surface, similar to that observed with the FePt series 
(Fig. 3c).

From the FePd catalytic activity (Fig. 3a), it is evident 
that all the FePd samples were less active than their FePt 
analogues. However, there are some similarities between 
the two sets of testing data, which indicates that there 
may be a critical compositional-related synergistic effect 
of alloyed metals with differing rate-determining steps. 
Firstly, all the nano-alloy catalysts show synergy compared 
to the monometallic catalysts. Secondly, the most active 
nanoalloy catalyst was Fe80Pd20, achieving a conversion of 
23% (H2 formation rate 0.016 mmol g−1 s−1). The origin of 
this effect may be due to the formation of catalysts with a 
more optimized N-binding energy, but this might not have 
been achieved as efficiently as with the counterpart FePt 
catalyst series despite the comparable N-binding energies 
of Pd and Pt. This suggests that other factors affect the 
catalytic activity, such as Fe-Pd mixing or nanoparticle 
size, which were not optimized in relation to Fe80Pt20. It is 
also significant that in both nano-alloy catalysts, the activity 
was not as high as Ru, which illustrates the complexity of 
catalyst design comprised of multiple metals.

4 � Conclusions

Using the CVI preparation method, we have demonstrated a 
simple, solvent-free route for preparing mono- and bi-metallic 
nanoparticles and show that it leads to a narrow distribution of 
nanoparticle diameter. By considering the N-binding energy 

as an activity descriptor for NH3 decomposition, we identified 
FePt and FePd as promising bimetallic catalysts, which 
exhibited higher activity than the parent metals. Although the 
FePt catalyst was not as active as a monometallic Ru catalyst, 
we have shown that two inactive metals can be combined to 
form active NH3 decomposition catalysts. Furthermore, there 
is scope to improve the efficiency of alloy formation, which 
could close the activity gap to Ru catalysts. While necessary 
for the potential hydrogen economy through their application 
in ammonia decomposition, these results have a broad appeal 
to the general catalysis field. The methods utilized apply to 
many reactions governed by scaling relationships to design 
novel nano-alloy catalysts with the potential to outperform 
current benchmarks.
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