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Stable and cost-effective catalysts for efficient ammonia synthesis under mild conditions particularly at
ambient pressure and temperature have been pursued widely and intensively. Recently we have reported
a method using a composite catalyst with nano iron oxide hosted in a three-dimensional cross-linked
graphene template material, Fe@3DGraphene. With this catalyst, a light driven and efficient ammonia
synthesis from N, and H, directly at ambient pressure was achieved, where graphene works as an
electron reservoir under light illumination. But, the catalytic activity dropped over time due to the ag-
gregation of the Fe,03 particles. Here we report the new version of this catalyst, a nano Al,03 modified
Fe@3DGraphene catalyst (Fe—Al@3DGraphene) through a simple solvothermal method, where nano
Al,03 serves as a barrier among nano Fe;03 to efficiently prevent the aggregation of the Fe,03 particles.
The optimized ammonia synthesis rate of 430 ug gk h 1 was achieved and kept steady for a 60-h test
which was enhanced to more than twice of the previous catalyst without Al,03 structural promoter.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction permanent dipole of the triple bond in nitrogen molecular [8,11].

Therefore, it has been a persistent challenge to achieve ammonia

Catalytic ammonia synthesis technology has played a central
role in the development of the chemical industry during the 20th
century [1—4]. This industrial significance has also been paralleled
by tremendous studies for the mechanism [4—7] and the design of
new and milder catalysts [8—10]. However, the industry catalytic
ammonia synthesis process (Haber-Bosch process), as one of the
most complicated and successful chemical engineering processes,
is operated at both high temperature and pressure, mainly because
of the extremely high bond energy (945 k] mol~!) and inert mo-
lecular structure of nitrogen molecule and the absence of
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synthesis at milder conditions such as at ambient pressure and
temperature together with an efficient and stable catalytic activity
[2]. Among various strategies, the introduction of electrical, photo
and radiation energies has been widely used to overcome the high
energy barrier in the ammonia synthesis process [9,10,12—19].
Indeed, in the last entire century, great progresses have been
made using various strategies such as electrical-catalysis
[12—15,19], biological-catalysis [17,20,21] and photo-catalysis
[10,18] for this paramount ammonia synthesis. For examples, an
efficient  electrochemical process with a rate of
2.4 x 1072 mol s~! cm~2 operated at 200 °C by the electrolysis of air
and steam in molten sodium hydroxide with nano-Fe,;03 as the
catalyst was reported by Licht et al. [9] Paul W. King found that
cadmium sulfide (CdS) nanocrystals could be used to photosensi-
tize the nitrogenase molybdenum-iron (MoFe) protein, and
reached a rate of 315 + 55 nmol NH* (mg MoFe protein)~! min~" at
a TOF of 75 min~! [17]. A unique photocatalytic approach based on
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hot electron was also reported by our group recently [18]. In such an
approach, a 3D cross-linked graphene based catalyst, Fe@3D-
Graphene (Fe@3DG, Catalyst-I), hot (ejected) electrons from this
composite catalyst induced by visible light, could efficiently facili-
tate the activation of Ny and generate ammonia from N, and H;
directly at ambient pressure with only light illumination. A mech-
anism was proposed that, under light illumination, graphene in
such a catalyst works as an efficient electron emitter following an
Auger-like light induced electron emission (LIEE) mechanism and
the generated hot/free electrons work as the most powerful [22]
and clean reducing agent to drive the reactions efficiently
through several possible paths to facilitate the activation of N
molecules: 1) increasing the electron density at the Fe surface, 2)
hot electron could be accepted by the anti-bond orbitals of N,
adsorbed on Fe catalyst, 3) N, not adsorbed on Fe catalyst could be
activated directly by accepting these ejected highly energetic
electrons [23—25]. But one of the issues of such a catalyst is that the
ammonia synthesis rate dropped significantly over time [18].
Obviously, such a problem has to be overcome for any possible
practical application. This is also the case for the most well-known
Haber-Bosch (HB) catalyst, where various morphology controlling
additives have been developed to maintain the Fe catalytic activity,
including the widely used heat-resisting structural promoter ox-
ides such as Al,03, MgO and BaO etc. [11,26].

With this, the second generation catalyst, a Fe,03 and graphene
composite catalyst with Al,03 (Fe—Al@3DG, Catalyst-II), was
developed, where Al,O3 was used as the structural prompter to
avoid the heating-induced aggregation of nano Fe;03 uniformly
dispersed in the 3D cross-linked bulk graphene template through a
simple solvothermal method. Its catalytic activity kept steady for a
60-h test, compared with the significant activity drop (only 50%
activity remained after 5 h) of the previous Catalyst-I without
Al,03. An extra but also important benefit is that the catalytic ac-
tivity of Catalyst-1l is much enhanced to twice of that of best
Catalyst-I under the same conditions. This is due to that Al,0s,
acting as a morphology controller, decreases the particle size of
Fe,03 in the Catalyst-II and thus increases the activity with the
same iron loading.

2. Experimental
2.1. Materials synthesis

2.1.1. Synthesis of Catalyst-II: Fe—Al@3DGraphene (Fe—Al@3DG)
3DGraphene loaded with different weight of iron oxide (deno-
ted as Fe—Al@3DG) were synthesized according to the literature
procedures [18,23,24]. As a typical example, for the catalyst
20Fe—2Al@3DG,Fe(NO3)3-9H,0 (118.3 mg, 98%, J&K Technology
Co., Ltd.) and AI(NO3)3-9H,0 (3.5 mg, 98%, J&K Technology Co., Ltd.)
were dissolved in ethanol (30 mL) and then mixed with a GO
ethanol dispersion (30 mL, 0.75 mg mL™") by stirring for 2 h. The
mixed solution was sealed in a 100 mL Teflon-lined autoclave and
heated up to 180 °C and maintained at this temperature for 12 h.
The autoclave was then naturally cooled to room temperature. Then
the as-prepared ethanol-filled intermediate product was carefully
removed from the autoclave to have a slow and gradually solvent
exchange with water. After the solvent exchange process was
totally completed, the water-filled product was freeze-dried and
then dried in a vacuum oven at 120 °C for 12 h. Finally, the sample
was annealed at 450 °C in Hy/Ar (5/95, v/v) for 6 h, and denoted as
Fe—Al@3DG (Catalyst-II). The final Fe and Al loading, by using
atomic emission spectrometry with inductively coupled plasma
(ICP-AES), was measured at 20 wt. % for Fe and 2 wt. % for Al
(Table S1) thus denoted as 20Fe—2Al@3DG for convenience.

2.1.2. Synthesis of Catalyst-I1: Fe@3DGraphene (Fe@3DG)

This reference iron oxide catalyst, denoted as Fe@3DG, was
synthesized using the same solvothermal method as described
above, Fe(NOs3)s3-9H,0 (118.3 mg, 98%, J&K Technology Co., Ltd.)
was dissolved in ethanol (30 mL) and then mixed with a GO ethanol
dispersion (30 mL, 0.75 mg mL™!) by stirring for 2 h. The solution
was then treated as the same solvothermal process of 3DG
described above. The as-prepared ethanol-filled intermediate
product was applied for a slow and gradually solvent exchange with
water and then freeze-dried. The final product was obtained by the
same annealing process as Catalyst-II.

2.2. Characterization

The structures of the samples were investigated by X-ray
diffraction (XRD) performed on a Rigaku D/Max-2500 diffractom-
eter with Cu Ko radiation X-ray photoelectron spectroscopy (XPS)
analysis was obtained using AXIS HIS 165 spectrometer (Kratos
Analytical) with a monochromatized Al Ka. X-ray source (1486.7 eV)
to analyze the chemical composition of the materials. Transmission
electron microscopy (TEM) was carried out on a FEI Tecnai G2
microscope operated at an accelerating voltage of 300 kV. High
angle annular dark field-scanning transmission electron micro-
scopy (HAADF-STEM) and energy dispersive X-ray (EDX) mapping
were carried out on a spherical aberration corrected transmission
electron microscope (FEI Titan G2 80—200) which was operated at
200 kV. The UV—Vis diffuse reflectance spectra (UV—Vis DRS) were
recorded by a Cary 5000 UV-visible—NIR spectrophotometer
employing a lab-sphere diffuse reflectance accessory in the range of
220—-2000 nm. Frequency histograms of iron oxide nanoparticle
sizes and mean size were estimated with measured diameter from
minimum 100 particles for each sample. The iron loading was
determined by atomic emission spectrometry with inductively
coupled plasma (ICP-AES) using ICP-9000 (N + M) apparatus
(Thermo Jarrell-Ash Corp.) and the results are shown in Table S1.

2.3. Ammonia synthesis

2.3.1. Ammonia synthesis method

Reactions were carried out in the same reactor as our previous
work shown in Fig. S1 (Supporting Information), and the catalyst,
high pressure Hg lamp (500 W, Shanghai Jiguang Special Lighting
Electrical Appliance Factory, Fig. S2, Supporting Information) and
temperature probe were together placed in the center of the reactor
and sealed, which was also surrounded by a water cooling jacket.
The synthesis gas of Hy/N, (3/1, v/v) was flowed through the
catalyst bed with a rate of 20 mL min~. The reaction was carried
out at ambient pressure and the catalyst temperature was ~200 °C
due to the light heating. The gas-phase effluent was passed into a
customized absorption bottle, which contains the diluted H,SO4
(60.00 mL, 0.0025 mol L™1) to capture the ammonia produced, and
then this absorption solution was analyzed by the indophenol blue
method [10,18].

2.3.2. Ammonia measurement methods (The indophenol blue
method)

This is following the literature [10,18]. A 2.00 mL absorption
solution taken from the absorption bottle, was transferred to
colorimetric tube and diluted to 10.00 mL with water. Then, an
aqueous solution of Na[Fe(NO) (CN)s] (100 pL, 1 wt %, Sigma-
Aldrich), salicylic acid solution (500 pL, 5 wt %, Sigma-Aldrich)
and NaClO aqueous solution (100 pL, 0.05 M, Tianjin Heowns
Biochemical Technology Co., Ltd.) were in turn added to the ab-
sorption solution and homogeneously mixed. After 1 h standing at
room temperature, the absorption spectrum was carried out using a
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JASCO V-570 ultraviolet—visible spectrophotometer. The formation
of indophenol blue was determined using the absorbance at the
wavelength of 704 nm. Absolute calibration of the method was
achieved using standard ammonium chloride solutions, prepared
from the standard solid ammonium chloride (99.99%, Sigma-
Aldrich).

2.3.3. Catalytic life time test

The ammonia product amount, measured using the indophenol
blue method every 1 h, was used to demonstrate the activity of the
catalyst as shown in Fig. 2c. Following the lamp requirement, the
reaction (lamp) was turned off for every 3 h period.

2.34. Test with cut off UV light

With Xe lamp (500 W, Shanghai Jiguang Special Lighting Elec-
trical Appliance Factory, Fig. S3) as the light source, a filter (its light
transparency is shown in Fig. S4) was used to cut off the light below
400 nm of the Xe lamp. The reaction device was as shown in Fig. S5
with catalyst 20Fe—2Al@3DG (220 mg) and a temperature probe.
The distance between the lamp and the reactor was adjusted to
2 cm and the filter was placed in the middle of the lamp and the
reactor. The mixture of Hy/N, (3/1, v/v) was flowed through the

catalyst with a rate of 20 mL min~. The reaction was carried out at
ambient and the system temperature was ~200 °C due to the light
heating. The product ammonia amount was measured with the
indophenol blue method. The control experiment using Xe lamp
without filter was studied under the same conditions.

3. Results and discussion
3.1. Synthesis and structural analyses

As illuminated in Fig. 1a, the Catalyst-II (Fe—Al@3DG), denoted
for iron oxide and alumina loaded on the bulk three-dimensional
cross-linked graphene (3DG) material developed recently
[23—25], was obtained using Fe(NO3)3-9H,0, Al(NO3)3-9H,0 and
graphene oxide (Fig. S6, Supporting Information) as the precursors
through a simple and easily scalable solvothermal reaction fol-
lowed by an annealing process (details in Experimental Section).
The loading of the iron oxide and alumina onto the 3DG template
was confirmed and characterized by scanning electron microscopy
(SEM, Fig. 1b) and transmission electron microscopy (TEM, Fig. 1c),
which indicate that the graphene sheets are cross-linked to form a
honeycomb structure and the Fe;O3 and Al,Os; particles are
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Fig. 1. Structural analyses of the Catalyst-1I (Fe—Al@3DG). (a) Schematic illustration of the synthesis process of the Catalyst-II (Fe—Al@3DG). (b) SEM image and (c) TEM image of
20Fe—2Al@3DG. (d) HRTEM image of 20Fe—2A1@3DG. The ranges highlighted with green and yellow color circles show the iron oxide and alumina particles, respectively. The Al,05
is added to form nanoparticles among the iron oxide particles like barrier and prevents the aggregation of iron oxide. The iron oxide lattice fringes are all at ~0.302 nm and
correspond well to the cubic maghemite (220) plane. The alumina is amorphous in structure. (e-h) HAADF-STEM image and corresponding EDX maps of Fe—Al@3DG for Fe (f), Al (g)

and C (h). (A colour version of this figure can be viewed online.)
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homogeneously distributed on the graphene sheets among the void
space. As shown in the high-resolution transmission electron mi-
croscopy (HRTEM) image (Fig. 1d), the existence and morphology of
iron oxide and alumina particles in the catalyst were exhibited with
the green and yellow color circles highlighted, respectively. The
iron lattice fringes are all at ~0.302 nm and correspond well to the
cubic maghemite (220) plane. And the Al,03 nanoparticles were
formed among the Fe,03 particles and thus could act as a barrier to
avoid further aggregation of Fep;O3 particles during the catalytic
process. To further confirm the structure of Fe—Al@3DG, a
HAADF—STEM image with sub-Angstrom resolution was carried
out showing that both Fe,03 and Al,03 have been formed (Fig. 1d),
and the corresponding EDX maps showed that the Fe;03 and Al,03
nanoparticles were also distributed homogeneously (Fig. 1e—g).
More structural analyses of Fe—Al@3DG are illustrated in the Sup-
porting Information (Figs. S7—9). The -catalytic activity was
measured using the same reactor as our previous work [18] con-
taining the catalysts, where the mixture of Hy/N; (3/1, v/v) was
flowed through the reactor with Hg lamp continuum light inside
and water cooling outside (Fig. S1, Supporting information). Due to
the light induced heating, while with vigorous cooling, the tem-
perature inside the reactor was still at ~200 °C but kept roughly
same for all the testing. The ammonia amount was quantitatively
measured using an indophenol blue method [10,18].

3.2. Catalytic activity and lifetime test

While it is generally accepted that Al;O3 could work as the
structural prompter as that in the HB catalyst, the best ratio is still
yet to know. Thus, a series of catalysts with different Fe and Al
loading ratios and composition were prepared and their catalytic
activity was investigated under the same conditions. These
included varying the Fe content with the same Fe/Al ratio (Fig. 2a)
and altering the Fe/Al ratio with the fixed Fe content (Fig. 2b).

Generally, when Al,Os3 acts as a structural promoter or support
in composite catalysts, the mass ratio of the Fe (real metal catalyst)
and Al varies from 30:1 to 1:10 [26—29]. At first, the mass ratio of Fe
and Al was selected as 10:1 with different Fe contents (5%—30%),
and the results were shown in Fig. 2a. It can be seen that the activity
of the catalyst increases firstly with the increasing of Fe loading,
and the best activity was achieved at 20 wt. % Fe and 2 wt. % Al
loading (20Fe—2Al@3DG) with an average rate (3 h) of 430 pg geat
h~'. This is different from the Catalyst-I, where the best activity
(180 pg geat h™1!) was obtained for the catalyst with 7 wt. % Fe
loading (7Fe@3DG). Then, with the increasing Fe loading, the
ammonia synthesis rate dropped instead. With these results, the
catalyst activity with different Fe/Al mass ratios varying from 20:1
to 20:10 but at a fixed Fe loading of 20 wt. % was further studied. It
was found that the activity increased first and then decreased with
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Fig. 2. Catalytic activity and stability test of Catalyst-I and Catalyst-II. (a) Ammonia synthesis rate vs different catalysts varying the iron contents with the same Fe and Al ratio (10:1).
(b) Ammonia synthesis rate vs different catalysts altering Fe and Al ratio with the same iron loading of 20 wt. %. (c) The stability of the 20Fe—2Al@3DG and 20Fe@3DG. The activity
of 20Fe—2Al@3DG remains steady in a 60-h test. In contrast, the activity of 20Fe@3DG drops after an hour, and it fell down to 10% of initial activity in 10 h. Inset, the overall
ammonia production vs reaction time. (A colour version of this figure can be viewed online.)
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Fig. 3. Studies of the reason of highly enhanced efficiency and stability. (a) Particle size of different catalysts. The blue line shows the particle size of the Catalyst-I without Al,053
increases significantly with the Fe loading. While for the Catalyst-II with the Al,05 (Fe/Al = 10:1), not only the average particle size is smaller than that of the Catalyst-I under the
same iron loading, but also the overall particle sizes of the Catalyst-II do not increase as much as that for the Catalyst-I. (b) The TEM image of Catalyst-1 (20Fe@3DG) and Catalyst-II
(20Fe—2Al@3DG) before and after reaction, respectively. Scale bar, 20 nm. (c) Particle size of 20Fe@3DG and 20Fe—2Al@3DG before and after reaction. For 20Fe—2A1@3DG, with the
Al,03 as the structural promoter to prevent the aggregation of iron, the particle size essentially remained the same before (6.17 nm) and after (6.18 nm) even a 60-h reaction.
However, the particle size of 20Fe@3DG without Al,03 dramatically increases from 8.48 nm to 11.80 nm after the reaction. (A colour version of this figure can be viewed online.)

further increasing Al loading (Fig. 2b). The highest activity of the
Catalyst-1I was obtained when the proportion of Fe and Al is 20:2
with 20 wt. % Fe loading. It is important to point out that this ac-
tivity is nearly twice of that of the Catalyst-I without Al,03 with the
same Fe loading (20Fe@3DG, 170 pg gt h™1).

The lifetime test was then carried out to evaluate the stability of
the optimized Catalyst-II (20Fe—2Al@3DG) and Catalyst-I with the
same Fe loading but without Al,03 (20Fe@3DG), and the results
were shown in Fig. 2c. For the catalyst 20Fe@3DG (black line), its
catalytic activity dropped after 1 h, and fell to approximately 50%
and 10% after 5 and 10 h, respectively. On the other hand, the high
activity of the 20Fe—2Al@3DG (red line) was quite steady, and no
significant activity decrease was observed even after a 60-h test,
significantly improved compared with the catalyst without struc-
tural promoter.

3.3. Mechanism

It has been approved that the activity of the catalyst is depen-
dent on the amount of the actual catalytic sites (active site/center)
[6,29,30] on the nano-scale iron domain in the catalyst. In our
previous work, the activity of the Catalyst-1 (Fe@3DG) dropped (1)
when the iron loading is further increased more than 7 wt. % and
(2) after prolonged reaction time [18]. With increased iron loading,
the size of iron oxide particles became larger and larger as shown in
Fig. 3a (blue line) and Fig. S10. Thus, over increased iron loadings
could reduce specific active site numbers of the catalysts, which
decreases the overall activity. Similarly, in the case of prolonged
reaction time, the dropped activity of Fe@3DG after 1 h could be
attributed to the iron particle slow heat sintering and aggregation
during the reaction (Fig. 3b and c), as observed commonly in both
the HB [1,6,11,26] and other heterogeneous catalysts [9,31,32]. On
the contrary, after adding the barrier-like nano Al,Os, both the
ammonia synthesis activity (Fig. 2a and b) and the lifetime (Fig. 2¢)
of the Catalyst-II are highly improved.

To reveal the reasons of the highly enhanced efficiency and
stability, a series of studies were carried out. From Fig. 33, it can be
seen clearly that not only the average particle size of Catalyst-II is
smaller than that of the Catalyst-I under the same iron loading, but
also the overall particle sizes of the Catalyst-Il do not increase as
much as that for the Catalyst-I when the Fe loading increases. The
detailed TEM images and corresponding particle size data were

shown in Fig. S10. Thus, even with the same iron loading, the Al,03
modified Catalyst-II (Fe—Al@3DG) exhibits much enhanced cata-
lytic activity, due to its much smaller Fe,O3 particle size compared
with that of the Catalyst-I (Fe@3DG). And, the iron loading of the
best activity Catalyst-II is up to 20 wt. % in comparison to the only
7 wt. % iron loading for the Catalyst-I. Therefore, the best activity of
Catalyst-II is more than twice of that of the best Catalyst-I. Under-
standably, excess of Al;03 would lead to too many non-active sites
and thus would decrease the overall activity [26]. So the best ac-
tivity is achieved when the Fe/Al ratio is at 20:2.

The results for the morphology (Fig. 3b) and size distribution
(Fig. 3¢c) before and after the reaction also reveal the reasons of the
much enhanced lifetime of the Catalyst-II. Before the reaction, the
particle size of 20Fe@3DG without Al,O3 is ~8.48 nm, and it in-
creases significantly to ~11.80 nm after the reaction (Fig. 3c),
leading the much declined activity. However, as shown in Fig. 3c,
the particle size of Catalyst-II essentially remained the same before
and after even a 60-h reaction. Thus, the initial Al,O3 particles
dispersed uniformly among the iron act as a kind of barrier-like
framework (Fig. 1c—g) and a structure/morphology keeper to pre-
vent iron particles from sintering together. Meanwhile, XPS
(Fig. S11, Supporting Information) and XRD (Fig. S12, Supporting
Information) were used to investigate the chemical and structural
properties of 20Fe—2Al@3DG after reaction, which showed that the
structure and crystal plane were not changed.

Importantly, to confirm all photons from visible light could
activate the reaction with Fe—Al@3DG, a control experiment was
carried out using Xe lamp as the light source but with a light filter
(cut off light below 400 nm completely, Supporting information).
The result shows that a significant activity (~70%) still remained
(Fig. S13, Supporting Information) without photons below 400 nm,
indicating that the Catalyst-II (Fe—Al@3DG) catalyst still exhibits
good activity even when visible light is used, though UV light might
show the stronger activity as expected due to the higher photon
energy [18].

4. Conclusion

In conclusion, the new version Catalyst-1I (Fe—Al@3DG), with
Al;0s3 the as structural promoter, demonstrated not only a much
better lifetime but also a significantly enhanced catalytic activity for
the ammonia synthesis (Fig. 4). The remarkable stability of such a
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Fig. 4. Diagram of ammonia synthesis on Fe@3DG and Fe—Al@3DG. Without the addition of the Al,Os3, the iron particles become aggregation after longtime reaction, and the
activity decreases. While the Al,03 plays an important role in the ammonia synthesis which can form a barrier to keep the iron particles from aggregation so that the activity keeps.

(A colour version of this figure can be viewed online.)

catalyst was due to the prevention of iron particle aggregation
during the reaction by the structural promoter Al;03. Furthermore,
with addition of Al,03, the particle size of iron catalyst decreases
significantly at the same iron loading and thus the overall activity
gets increased. We expect this light-prompted catalysis might be
applied to other reactions to increase the overall reaction efficiency.
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