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ABSTRACT: Ammonia synthesis is the single most important chemical process in industry and has used the successful
heterogeneous Haber−Bosch catalyst for over 100 years and requires processing under both high temperature (300−500
°C) and pressure (200−300 atm); thus, it has huge energy costs accounting for about 1−3% of human’s energy
consumption. Therefore, there has been a long and vigorous exploration to find a milder alternative process. Here, we
demonstrate that by using an iron- and graphene-based catalyst, Fe@3DGraphene, hot (ejected) electrons from this
composite catalyst induced by visible light in a wide range of wavelength up to red could efficiently facilitate the activation
of N2 and generate ammonia with H2 directly at ambient pressure using light (including simulated sun light) illumination
directly. No external voltage or electrochemical or any other agent is needed. The production rate increases with increasing
light frequency under the same power and with increasing power under the same frequency. The mechanism is confirmed
by the detection of the intermediate N2H4 and also with a measured apparent activation energy only ∼1/4 of the iron based
Haber−Bosch catalyst. Combined with the morphology control using alumina as the structural promoter, the catalyst
retains its activity in a 50 h test.
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Ammonia synthesis is profoundly important for both
human beings and the earth’s ecosystem. This is

partially reflected in the fact that the scale of both
industry1 and biological fixation for its production2 is at ∼200 ×
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106 tons each year,3 which is the foundation sustaining the life
on the planet. With this tremendous scale and implication, it is
striking to note that these two processes follow two very
different mechanisms under extremely different conditions. The
natural one proceeds with very high efficiency under ambient
conditions, while the industrial one has always been carried out
under both high, harsh temperature and pressure (300−500 °C
and 200−300 atm).3,4 The large scale of the industry synthesis
comes at a huge price as it has been the single most energy-
consuming industrial chemical process in the world, currently
consuming approximately 1−3% of the entire world energy’s
consumption. The remarkable difference between these two
processes is due to their different catalyst systems. The first one
uses the natural nitrogenase enzyme, and the industrial one, e.g.,
the Haber−Bosch process, known as the “bellwether reaction in
heterogeneous catalysis”, uses the iron based Haber−Bosch
catalyst (HB catalyst),1,5 which consists of primarily reduced
magnetite ore (Fe3O4). Despite its high pressure and
temperature requirement and with a thermodynamically limited
conversion, after almost a century the HB process still remains
the dominant route for ammonia synthesis, partially due to its
highly efficient energy consumption. As a result, it has been a
long-standing and “Holy Grail” objective of significant and
international studies to find an alternative to the energy-
consuming Haber−Bosch process to produce this fundamental
chemical.6

During the last century, tremendous studies and many
pioneering works have been carried out in the pursuit for a
milder method, including two main strategies of (a) mimicking
the nature nitrogenase enzyme4,7 and (b) designing a milder
catalyst system based on currently the most successful HB
catalyst,8 including Ru-based catalyst.9,10

Other proposed approaches for milder conditions include
using electrochemical11−15 systems based on semiconductors or
proton conductors,11,16 prompted by certain light wavelengths
and/or at the expense of scarifying agents.13,17,18 Recently, an
efficient electrochemical process with a rate of 2.4 × 10−9 mol
s−1 cm−2 operated at 200 °C by the electrolysis of air and steam
in molten sodium hydroxide with nano-Fe2O3 as the catalyst
was reported by Licht et al.19 An approach was also recently
reported by Hosono’s group, where the activity of the Ru
catalyst, operated at ∼400 °C, was significantly enhanced using
a stable electride as the electron promoter.20 Hamers et al.,
using a H-terminated diamond as a solid electron source under
light illumination, also reported an electrochemical ammonia
synthesis by solvated electrons in water.21 Very recently, an
approach was reported where cadmium sulfide nanocrystals can
be used to photosensitize the nitrogenase molybdenum−iron
protein with visible light illumination.22 Overall, such an ideal
process, if possible, might be to use clean and unlimited (sun)
light as the energy and start with elemental nitrogen directly as
occurs in the nature. Unfortunately, while tremendous work
and effort have been carried out for over a century, no
economically viable alternative has been put into practice so far.
The main reason for this unsuccessful but long journey,

followed by so many scientists, is mainly due to the special and
very inert molecular structure of the nitrogen molecule, which
has an extremely high bond energy (945 kJ mol−1) and the
absence of the permanent dipole of the triple bond in the
nitrogen molecule.23 Importantly, it should be also noted that
while tremendous work has been done, there are still many
puzzles for the mechanisms of both the natural7,24,25 and
industry1,3,5 synthesis of ammonia.

Recently, it has been found that graphene can achieve a
reverse saturation state with a high density (∼1013 cm−2)26 of
hot electrons well above the Fermi level with even visible light,
and these hot electrons can even be ejected out following an
Auger-like light-induced electron emission (LIEE) mecha-
nism27,28 due to its Dirac band structure, which causes the
conventional relaxation of the excited electrons to be
bottlenecked.29−31

With these in mind, we intend to test the idea of using these
light-generated highly energetic hot/free electrons as a most
powerful and clean reducing agent for some of the most
difficult and landmark reactions or reactions that are otherwise
unachievable using conventional methods or with harsh
conditions. These could include reactions such as ammonia
synthesis from molecular nitrogen directly at mild conditions.
Indeed, when such a graphene-based iron catalyst is used, a
light-driven and efficient ammonia synthesis from its elements
directly at ambient pressure was achieved where graphene
worked as an electron reservoir following the LIEE mechanism
under even visible light illumination and the generated hot/free
electrons efficiently prompted the activation of nitrogen and
hydrogen and thus ammonia synthesis.

RESULTS AND DISCUSSION
Catalytic Activity. The catalyst Fe@3DGraphene (Fe@

3DG), denoted for iron oxide loaded on the bulk three-
dimensional cross-linked graphene (3DG) material developed
recently,27 was obtained using common iron precursors and
graphene oxide through a simple and easily scalable
solvothermal reaction followed by an annealing process, as
detailed in the Supporting Information. The material has a
conductivity of ∼0.23 S m−1 and a density of ∼0.7 mg cm−3. As
has been demonstrated before,27,28 the 3DG material has a very
unique structure and morphology, similar to that of a
monolithic polymer but with graphene sheets as the monomer
which cross-links together mainly at the edge. This makes such
a material retain the nature of individual graphene sheets and
thus exhibit essentially all of the remarkable properties of
individual graphene sheets but at a bulk state, including its
remarkable mechanical and (opto)electronic properties.27,28

The structure and morphology analyses of Fe@3DG are
illustrated in the Supporting Information (Figures S1−S5).
Overall, the structure and morphology of this catalyst barely
change from the template of 3DG, where iron oxide is
distributed homogeneously throughout at the nanoscale on the
surface of graphene sheets. It is well understood that the
nanoscale nature of iron domain is critical for its catalytic
activity of iron-based catalysts.1,9,19 Thus, the size of iron oxide
loaded on 3DG was controlled at such a scale, achieved by
using a simple wet chemistry approach. The catalytic activity
was measured using a homemade fixed-bed continuous-flow
reactor containing Fe@3DG catalyst, where the mixture of H2/
N2 (3/1, v/v) was flowed through the reactor with a Hg lamp
(or others) continuum light inside and water cooling outside
(Figure S7). Note that even with vigorous external cooling the
stable temperature of the actual catalytic reaction inside the
reactor could only be controlled and measured at ∼200 °C due
to the light heating. The catalyst activation (from catalyst
precursor iron oxide to α-Fe) should be achieved at the initial
period in the reduction environment as that for the HB
catalyst.3 The confirmation of product ammonia (Figure S8)
and its real-time monitoring were performed using a recently
developed, highly sensitive online charge-transfer ionization
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time-of-flight mass spectrometry (CTI-TOFMS).32 The
ammonia amount was also quantitatively measured using an
indophenol blue method.21 The catalysts were studied with
varied iron loadings, support materials, and preparation
methods as detailed in the Experimental Section and the
Supporting Information.
To better understand the mechanism of this mild ammonia

synthesis, a series of catalysts with different loadings of Fe
(2Fe@3DG, 7Fe@3DG, 15Fe@3DG, 25Fe@3DG, and 50Fe@
3DG) and various control experiments/catalysts have been
investigated under the same conditions (see more details
below). The control reactions included that using the same Fe
precursor on activated carbon (7Fe@AC), bulk Fe on 3DG, the
HB catalyst, and blank experiments with only nano Fe or 3DG
or without light. As can be seen in Figure 1a, the catalysts tested
with different loadings of iron all showed significantly higher
activity than those of the reference catalysts as discussed below,
and the best activity was achieved for 7 wt % Fe loading (7Fe@
3DG) with a space−time yield at 408 ± 68 μg gcat

−1 h−1

measured using the indophenol blue method,21 which is among
the highest reported for ammonia synthesis with milder
methods reported recently (Table S2). When 7Fe@AC (the
same iron loading but on activated carbon, Figures S1 and S6)
was sued, less than 1 order smaller amount of ammonia
production was observed. Furthermore, 7BulkFe@3DG (bulk
size of iron oxide loaded on the same 3DG) demonstrated a
much smaller catalytic activity compared with 7Fe@3DG,
indicating that the size of iron plays a significant role as widely
observed in the literature.19 Other control reactions were also
carried out under the same conditions, including that using the

landmark fused iron HB catalyst (HB Fe), 7Fe (same iron
catalyst as that loaded on 7Fe@3DG, but not on the 3DG
template, Figures S1 and S6), and 3DG only, all gave no
detectable or negligible amount of ammonia as shown in Figure
1a. Most notably, the control reaction using the same catalyst
7Fe@3DG under the same conditions (including temperature)
but without light (Figure S9) generated only a negligible
amount of ammonia. A typical plot of real-time ammonia
synthesis rate vs time over 7Fe@3DG is shown in Figure 1b,
where after the initial activation the activity retains steady for
the first ∼60 min. The drop of activity of the catalysts after a
period of time (∼60 min) could be attributed to the iron
particles’ slow heat sintering and aggregation during the
reaction. This is consistent with the literature1,3,19 and
discussed below.
The impact of different light intensities with the same light

source (Hg lamp) on the catalysis was studied (Figure S10),
and the results are shown in Figure 1c. Note that no ammonia
production was observed until a certain threshold light intensity
was achieved, and then the activity clearly increased with light
intensity. These results are consistent with the finding that the
reverse saturation state of graphene could only be achieved with
certain light intensity and the ejected hot electrons (measured
as current) increased with light intensity.28 Importantly, a clear
catalytic activity dependence on wavelength was also observed
as shown in Figure 1d, where a shorter wavelength, such as Hg
lamp (200−600 nm, Figure S11), gave higher activity than Xe
(400−780 nm, Figure S12) and tungsten iodine lamps (800−
1300 nm, Figure S13) under the same conditions and light
power. This echoes the same dependence of the electron

Figure 1. Catalytic performance of Fe@3DG at atmospheric pressure. (a) Amount of ammonia produced per gram catalyst per hour under Hg
lamp illumination and “heating only” with external heating to the same temperature (but no light) using the same 7Fe@3DG. (b) Real-time
normalized ammonia synthesis rate using catalyst 7Fe@3DG. (c) Relationship of ammonia synthesis rate vs light intensity. (d) Wavelength
dependence of ammonia synthesis rate using 500 W Hg, Xe, and tungsten iodine lamps, respectively, under the same conditions. (e) Electron
emission (current) dependence on laser wavelength and power density. Reaction conditions: synthesis gas, H2/N2 = 3 (v/v) with a flow rate of
20 mL min−1; pressure, 1 atm; 500 W high-pressure Hg lamp used as the light source unless otherwise indicated.
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emission of Fe@3DG materials, as shown in Figure 1e,
consistent with the results for the 3DG as reported before.28

Importantly, to confirm that all photons from UV to infrared
light could activate the reaction, a control experiment was
carried out using a Xe lamp as the light source but with a light
filter (cut off light below 400 nm completely, Figure S14). The
results show that significant activity (∼70%) still remained
(Figure S15) without photons below 400 nm, indicating that
the Fe@3DG catalyst could be activated for ammonia synthesis
under a broad wavelength range from ultraviolet to visible to
even infrared light.
The apparent activation energy for this light-driven catalysis

was measured, as shown in Figure S16. Very notably, under our
measured conditions, 7Fe@3DG exhibits an apparent activa-
tion energy of 41 kJ mol−1, which is much smaller compared
with that of HB catalyst at industry production conditions
(∼160 kJ mol−1).33 The much smaller apparent activation
energy indicates that both light illumination and graphene play
a significant role for the high catalytic activity.
We also found that the catalytic performance of catalysts is

related to iron loadings. It has been well accepted that activity
of the iron catalyst is dependent on the amount of the actual
catalytic sites (active site/center) (C7, mainly Fe (111) plane)34

on the nanoscale iron domain in the catalyst. Note that such
active sites depend on not only the total iron loading or surface
area but also on the size of such Fe domain sizes.35 This is also
reflected in our studies. On the basis of transmission electron
microscopy (TEM) analysis (Figure 2) of Fe@3DG with
different iron loadings, it has been found that the size of iron
oxide particles becomes larger with increased iron loadings. The
increased iron loading could reduce specific active site numbers
of the catalysts because increased loading will have iron (oxide)
domains in larger sizes and wider distribution ranges on the
graphene sheets.36 Thus, as shown in Figures 1a and 2, the
optimized catalyst 7Fe@3DG, with an average particle size of
6.6 nm, exhibits the highest catalytic activity.
It is well-known that the lifetime for for iron-based ammonia

catalyst is strongly associated with the morphology stability/
change of iron domain.3,19,37 Therefore, the morphology and
size distribution before and after the reaction were studied for
the lifetime of our catalyst’s activity. As shown in Figure 3a,b,

degraded activity after a certain period (Figure 1b) was also
found for the significantly increased iron domain size caused by
iron particle slow heat sintering during the reaction, which is
well-known for the Fe and Ru catalysts.19,37 The long-term
stability of HB catalyst is believed to be due to texture
promoters such as alumina used in the catalyst. Note that the
HB catalyst is actually a ternary oxide with a framework, which
works as the structural keeper, thus preventing iron particles
from sintering together.1,3,8 With this knowledge, a similar

Figure 2. Particle size varies with iron loading. (a−c) TEM images of different iron loading. (d−f) Particle size distributions for a−c,
respectively. Scale bars, 20 nm. The histograms are fitted with Gauss distribution.

Figure 3. Stability of Fe@3DG catalyst. HR-TEM images of 7Fe@
3DG before (a) and after (b) the reaction. The ranges highlighted
with white show the catalyst particles. Insets show the
corresponding particle size distribution. Scale bars, 4 nm. The
histograms are fitted with Gauss distribution. (c) Catalytic activity
for ammonia synthesis vs time over the structure promoted catalyst
7Fe@3DG and 7Fe/Al2O3@3DG. Ammonia synthesis reaction
conditions: synthesis gas, H2/N2 = 3 (v/v) with a flow rate of 20
mL min−1; pressure, 1 atm; 500 W high-pressure Hg lamp.
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approach was used to improve the stability of our catalyst,
where structural promoter Al2O3 was loaded together with the
iron precursor when the catalyst was prepared (details in the
Supporting Information). Indeed, the catalytic activity and
stability of the modified catalyst 7Fe/Al2O3@3DG retained
even during a 50 h test significantly improved compared with
that without structural promoter (Figure 3c).
Mechanism. The facts that no detectable or negligible

amount of ammonia production from a series of control
experiments, including that (1) 7Fe@3DG catalyst was used at
the same temperature but without light illumination, (2) only
3DG catalyst (no Fe loading) was used under the same light
illumination, and (3) only the same Fe catalyst (no 3DG) was
used under the same conditions with the same light
illumination (Figure 1a), indicate that not only the atmospheric
catalysis is a light-driven result but also the synergetic effect
involving both graphene and iron plays an important role.
It has been well documented that the doped alkali metals

such as potassium, as the electronic promoter,1 enhance the
catalytic activity significantly in the HB catalyst by increasing
the electron density in the vicinity of Fe, thus increasing its π-
back-electron donation from Fe d-electrons to the antibonding
π* orbital of N2. This effect facilitates significantly the
activation of N2 molecule on the Fe surface and thus greatly
increases the activity of the catalyst.8,38,39

A similar role for the highly energetic hot electrons generated
by light from graphene is thus expected for the enhanced or
synergetic catalysis for our case.13,15,18 Note it has been well
proven that under light illumination a reverse saturation state of
graphene could be achieved with a wide range of light
wavelengths up to red with rather low fluence (∼4 μJ cm−2)40

including using direct intensive sun light,28 where a high density
of hot (energetic) electrons is achieved. These hot electrons,
behaving as massless Dirac fermions, should relax into a hot but
thermalized electron distribution equilibrium with significantly
high tail energy (well above its Fermi level) under continuous
light illumination due to the bottleneck of relaxation at the
Dirac point in the band structure near the Fermi level26 and can
be also ejected out from graphene into free space following the
LIEE mechanism.28,41 Thus, we envisage that these hot
electrons may have several possible paths to facilitate the
activation of N2 molecules (Figure 4a). In one way, the hot
electrons might just work as the electrons from alkali metal39 or
that in the electride (F-center) materials42,43 to increase the
electron density (of the conduction band) at the Fe surface,15,20

and thus, highly enhanced Fe catalytic activity could be
achieved (Figure 4a, path 1a,b). The second possible path
(Figure 4a, path 2) might work as a direct electron transfer,
where the hot electrons might tunnel through the little
Schottky barrier and be accepted by the antibond orbitals of
N2 adsorbed on Fe catalyst.44 The third possible way (Figure
4a, path 3) is that even the N2 molecules nearby in the
micrometer range around the graphene sheet (but not adsorbed
on Fe catalyst as in the case of path 2 above) might be activated
directly by accepting these ejected highly energetic elec-
trons44−46 since the ejected electrons could have energy up to
tens of eV28 and can traverse in the range of over 100 nm.47,48

The exact contribution from each of these possible paths or if
there is any other path is yet to be understood. Also, transfer of
these hot electrons to the acceptors (orbitals) should be very
complicated, and investigation is still underway.47,49 It is
expected that, in similar ways, the hot electrons are anticipated

to increase the rate of H2 dissociation,
44,50 thus prompting the

overall reaction.
The enhanced catalytic performance by hot electrons also

impacts the reaction orders significantly, as shown in Figure 4b.
Note that the measured reaction order for N2 is 0.61, indicating
that the N2 dissociation is much more efficient than the
conventional Fe/Ru-based catalysts, where the order is
generally a unit.20,51 The reaction order for H2 is measured at
0.53, also significantly lower than the conventionally fused Fe
catalyst (∼2.0),51 which can also be attributed to the enhanced

Figure 4. Activation mechanism over Fe@3DG under light
illumination. (a) Three possible paths of the hot electrons
generated from light illuminated graphene to prompt the activation
of N2 molecule (arrows labeled with 1a,b, 2, and 3). Left: electronic
density of states (DOS) for graphene’s valence band before light
illumination. (b) Reaction orders of N2 and H2 for ammonia
synthesis using 7Fe@3DG catalyst. (c) Mass spectra results using
API-TOFMS.
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efficient dissociation of H2 due to the same hot electron
effect.10

One of the best ways to understand any mechanism would be
to observe or best isolate (catch) the intermediates. For the
case of ammonia synthesis, while there are still lots of puzzles, it
has been proposed that intermediates such as various NxHy
could exist.52 Indeed, when a noncommercial atmospheric
pressure ionization time-of-flight mass spectrometer (API-
TOFMS) was used (for details, see the Supporting Information
and Figure S17), an intermediate N2H4 was detected (Figure
4c), similar to the case for the photoactivated TiO2 catalysis.

18

Note that no N2H4 was detected in the final product (details in
the Supporting Information).
With these results in hand, though the precise mechanism is

still not clear, we envisage that the general reaction mechanism
(Figure 5) in our case would be where the important N−N

bond breakage probably happens at a late stage. Thus, the
addition of predissociated H atom to molecular N2 happens
first to form intermediate N2H2 and N2H4

18,21 before the N−N
bond breakage.24,25,53−56

CONCLUSIONS
It is important to note this ammonia catalytic system combines
several important advantages including that driven only by light
from N2 and H2 molecules directly and operated under
atmospheric pressure and milder temperature without external
heating. Also, no external voltage or electrochemical process or
sacrificial agent is required. Due to its zero bandgap structure of
graphene and essentially wavelength-independent but efficient
absorption, this catalysis system can work with all visible light
up to red. In this aspect, it is superior to other conventional
semiconductors such as TiO2,

18 diamond,21,43 and GaP13 where
the limitation of their bandgap allows them to utilize light
mostly in the ultraviolet range. Our results also demonstrate a
mechanism for photocatalysis using hot electrons, generated
from graphene, with high reducing power for reactions which
are otherwise unachievable using conventional approaches.
There should be ample room to advance this pathway if

combined with many of the current sophisticated catalysis

technologies. First, the production rate is very likely to become
orders higher if high pressure similar to that for HB catalyst is
applied following the Le Chatelier’s principle. In addition, a
hybrid approach combining this light-induced catalysis with the
current state-of-the-art HB process might be expected for a
more efficient production of ammonia under milder conditions
with significant energy cost advantage. Overall, the use of
graphene, prepared easily on a large scale from graphite
directly, suggests it might work as an efficient electron reservoir
and represent a paradigm for a cost-efficient yet powerful
photocatalytic reduction system with only visible (sun) light as
the energy source. While the rather multidisciplinary hot-
electron generation and applications are still in their very early
infancy, including exact energy transfer, relaxing, and trans-
portation mechanisms, these findings based on the two-
dimensional and easily accessible graphene material are
expected to open up some room for both fundamental studies
and industry applications. Similar studies are also expected to
be prompted for other two-dimensional materials with Dirac-
like band structures.

EXPERIMENTAL SECTION
Synthesis of 3DGraphene (3DG) and Fe@3DGraphene (Fe@

3DG). The starting material, graphene oxide (GO), was synthesized by
the oxidation of natural graphite powder using a modified Hummers’
method based on references published elsewhere.57,58 Three-dimen-
sional graphene, denoted as 3DGraphene (3DG), was prepared
following our previous procedures.27,28 A GO ethanol solution (70
mL, 0.375 mg mL−1) was sealed in a 100 mL Teflon-lined autoclave,
heated 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 for 6 h
in H2/Ar mixture gas (5/95, v/v) to obtain the final graphene material
(3DG). 3DGraphene loaded with different weight of iron oxide
(denoted as Fe@3DG) were synthesized through the similar process
as described above using Fe(NO3)3·9H2O (98%, J&K Technology
Co., Ltd.) as the iron precursor in the GO dispersion. As a typical
example, for the catalyst 7Fe@3DG, an ethanol solution of Fe(NO3)3·
9H2O (34 mL, 0.37 mg mL−1) and a GO ethanol dispersion (36 mL,
0.73 mg mL−1) were mixed and then stirred 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 slow
and gradually solvent exchanged with water and then freeze-dried. The
final product was obtained by the same annealing as above. The final
Fe loading was measured at 6.9 wt % using atomic emission
spectrometry with inductively coupled plasma (ICP-AES) (details in
the Supporting Information), thus denoted as 7Fe@3DG for
convenience. Similarly, a series of Fe@3DG materials were synthesized
(with iron loading of ∼2, 15, 25, and 50 wt %) and designated as
2Fe@3DG, 15Fe@3DG, 25Fe@3DG,, and 50Fe@3DG, respectively.
The details of exactly measured iron loading and naming of the
products are shown in Table S1. The mean size of iron oxide in 2Fe@
3DG, 7Fe@3DG 15Fe@3DG, 25Fe@3DG, and 50Fe@3DG was
estimated with a measured diameter from a minimum of 100 particles
in TEM images for each sample and was 3.2, 6.6, 8.8, 13.1, and 15.1
nm, respectively. A series of control catalysts, including 7Fe, 7Fe@AC,
7BulkFe@3DG, HB Fe, and 7Fe/Al2O3@3DG, were synthesized
through a similar process as described above and detailed in the
Supporting Information.

Ammonia Synthesis. Reactions were carried out in a homemade
glass fixed-bed continuous-flow reactor with an inside diameter of 34
mm and a height of 260 mm. As shown in Figure S5, the catalyst, high-
pressure Hg lamp (500 W, Shanghai Jiguang Special Lighting Electrical

Figure 5. Proposed pathway for the ammonia synthesis using Fe@
3DG catalyst under light illumination.
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Appliance Factory), and temperature probe were placed together in
the center of the reactor, which was also surrounded by a water cooling
jacket, and sealed. The synthesis gas (high purity, 99.999%) of H2/N2
(3/1, v/v) was flowed through the catalyst bed with a rate of 20 mL
min−1. The reaction was carried out at atmospheric pressure, and the
catalyst temperature was ∼200 (±10) °C due to the light heating. The
gas-phase effluent was passed into a customized absorption bottle,
which contains the diluted H2SO4 (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 (details in Ammonia
Measurement Methods). The ammonia production amounts over
various catalysts including 2Fe@3DG (240 mg), 7Fe@3DG (240 mg),
15Fe@3DG (300 mg), 25Fe@3DG (850 mg), 50Fe@3DG (850 mg),
7Fe@AC (18.0 g), 7BulkFe@3DG (230 mg), HB Fe (20.0 g), 7Fe
(8.5 g), and 3DG (177 mg) are shown in Figure 1a. Note that in order
to keep the constant catalyst volume at roughly same cross area for
light absorption, the weights are different. Other catalysis reactions
with different conditions, such as, heating without light illumination,
catalytic reactions with different light intensity, catalytic reactions using
different light sources (wavelength), and catalytic lifetime test, are
detailed in the Supporting Information.
Note that possible contamination such as that from the reactive N2/

H2 should be excluded on the basis of the following control
experiments. In addition to the high purity (99.999%) of N2/H2
used in the experiments, more importantly, in Figure 1a, no NH3 was
detected in the experiments of 3DG catalyst in the same 3H2/N2 and
Fe@3DG catalyst in the same 3H2/N2 induced only by heat, showing
no NH3 contamination existed in the N2/H2 source.
Ammonia Measurement Methods. (a) The Indophenol Blue

Method. This follows the literature.21 A 2.00 mL absorption solution
taken from the absorption bottle was transferred to a colorimetric tube
and diluted to 10.00 mL with water. Then an aqueous solution of
Na[Fe(NO) (CN)5] (100 μL, 1 wt %, Sigma-Aldrich), salicylic acid
solution (500 μL, 5 wt %, Sigma-Aldrich) and NaClO aqueous
solution (100 μL, 0.05 M, Tianjin Heowns Biochemical Technology
Co., Ltd.) were in turn added to the absorption solution and
homogeneously mixed. After 1 h of standing at room temperature, the
absorption spectrum was carried out using a JASCO V-570 UV−vis
spectrophotometer. The formation of indophenol blue was deter-
mined 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). (b) Online Real-Time Mass
Spectrometry Analysis. This real-time and online analysis method
was based on our co-worker’s earlier reported work,32 which was used
to study the kinetics and thermodynamics of the catalytic reactions
(details in the Supporting Information), including (1) activity vs time
(Figure 1b), (2) activity vs light intensity (Figure 1c), (3) activity vs
light sources with different wavelength (Figure 1d), (4) apparent
activation energy (Figure S16), and (5) reaction orders (Figure 4b). A
vacuum ultraviolet (VUV) lamp-based (10.6 eV, Cathodeon Ltd.,
Cambridge, U.K.) charge-transfer ionization ion source with O2

+ as the
reagent ions in a home-built orthogonal acceleration time-of-flight
mass spectrometer (charge-transfer ionization time-of-flight mass
spectrometry, CTI-TOFMS) has been applied for real-time monitor-
ing of the ammonia synthesis in a reactor. The CTI ion source with a
pressure of about 40 Pa was separated into two regions: a reagent ion-
producing region and ion−molecule reaction region. Briefly, the
effluent gas from the ammonia synthesis reactor and the reagent gas
O2 were directly introduced into the reagent ion-producing region and
the ion−molecule reaction region through a 250 μm i.d., 0.5 m long
deactivated fused-silica capillary and a 200 μm i.d., 0.5 m long
deactivated fused-silica capillary, respectively. For the necessity of
long-term stable monitoring, a self-adjustment algorithm for stabilizing
O2

+ ion intensity was developed to automatically compensate the
attenuation of the O2

+ ion yield in the ion source as a result of the
oxidation of the photoelectric electrode and contamination on the
MgF2 window of the VUV lamp. As a result, the limit of quantification
for ammonia was in ppbv (parts per billion by volume) when the
signal intensity of O2

+ reagent ions was stabilized at 300000 counts,

which is adequate for online analysis of NH3 in microcatalytic
reactions. The TOF mass analyzer was operated in linear mode with a
mass resolution of 900 (fwhm) at m/z = 78. Each data point was
accumulated in real time for 30 s by a 100 ps time-to-digital converter
(TDC) (model 9353, Ametek, Inc., Oak Ridge, TN) at a repetition
rate of 33 kHz. The qualitative analysis results of ammonia are shown
in Figure S8. The signal at m/z = 17 is assigned to NH3

+, and the
signal at m/z = 18 indicates the produced H2O

+ or NH4
+. Note that

OH+ could not be produced because the recombination energy of O2
+

(12.07 eV)32 is lower than the ionization energy of H2O to H and OH
(16.95 eV),59 and the charge transfer from O2

+ to OH (from H2O) is
invalid. Hydrazine measurement is discussed in the Supporting
Information.

Hot Electron Emission with Different Light Wavelength and
Intensity. The detection of electrons from Fe@3DG illuminated by
laser with different wavelengths and intensity was conducted as
described in our previously reported work.28 As detailed, a Fe@3DG
sample (0.7 × 0.7 × 0.5 cm3) was placed inside a metal box (as the
electron-collecting electrode), which was positioned in a high vacuum
(6.7 × 10−6 Torr) chamber with a quartz window, and a laser (spot
area, ∼ 4 mm2) illuminated sample through the quartz window. The
current signal was recorded by a digital oscilloscope (Rigol DS1102E,
1 GSa s−1, 100 MHz). Note that the laser sources are all continuous
lasers, and the powers (and the power densities) are thus all average
powers (and average power densities), not like that of the peak power
when pulse laser sources are used in many cases. The laser source
devices used here were purchased from Shaanxi Alaxy Technologies
Photonics Co., and these included models of PT-LD-650-3W-FCL,
PT-DPL-532-3W-FCL, and PT-DPL-450-3W-FCL, which were
calibrated using laser power/energy meters/sensors (Ophir Nova II
and 10A-P). The wavelength of the laser with 450, 532, and 650 nm
was selected, and the intensity of every wavelength was set at 2.43,
2.55, 2.68, 2.85, and 3.00 W, respectively. The mathematical
calculation of the average current signal intensity was performed as
reported previously.28 The results are shown in Figure 1c.
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