
iScience

Article

ll
OPEN ACCESS
Highly active manganese nitride-europium nitride
catalyst for ammonia synthesis
Jiemin Wang, Lin

Liu, Ruili Li, ...,

Teng He, Jianping

Guo, Ping Chen

liulin@dicp.ac.cn (L.L.)

guojianping@dicp.ac.cn (J.G.)

Highlights
Mn4N-EuN shows a much

better activity than Mn4N

and EuN alone

The proximity of Mn4N and

EuN greatly affects the

activity of the composite

catalyst

The [Eu-N-Mn] interface

structure is crucial for

ammonia synthesis

Combining other rare earth

nitrides with Mn4N also

leads to a dramatic

increase in activity

Wang et al., iScience 27,
110858
September 20, 2024 ª 2024
The Author(s). Published by
Elsevier Inc.

https://doi.org/10.1016/

j.isci.2024.110858

mailto:liulin@dicp.ac.cn
mailto:guojianping@dicp.ac.cn
https://doi.org/10.1016/j.isci.2024.110858
https://doi.org/10.1016/j.isci.2024.110858
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110858&domain=pdf


OPEN ACCESS

iScience ll
Article

Highly active manganese nitride-europium
nitride catalyst for ammonia synthesis

Jiemin Wang,1,2 Lin Liu,2,3,* Ruili Li,2,4 Shangshang Wang,2,3 Xiaohua Ju,2 Teng He,2,3 Jianping Guo,2,3,5,*

and Ping Chen2,3
SUMMARY

The development of efficient catalysts for ammonia synthesis under mild conditions is critical for estab-
lishing a carbon-neutral society powered by renewable ammonia. While significant effort has been
focused on Fe and Ru-based catalysts, there have been very limited studies on manganese-based cata-
lysts for ammonia synthesis because of their low intrinsic catalytic activity. Herein, we report that the
synergy between manganese nitride (Mn4N) and europium nitride (EuN) yields an ammonia synthesis
rate that is 41 and 25 times higher than that of neat Mn4N and EuN, respectively. Detailed studies sug-
gest that a [Eu-N-Mn] species at the interface of Mn4N and EuN plays a pivotal role in ammonia synthe-
sis. Compositing of Mn4N with other rare earth metal nitrides such as LaN, PrN, and CeN also leads to a
significant enhancement in catalytic activity. This work broadens the scope of advanced nitride catalysts
for ammonia synthesis.

INTRODUCTION

Ammonia synthesis from nitrogen and hydrogen via Haber-Bosch process is one of the most important chemical industrial processes in the

world.1 With the increasing concerns on the energy consumption of ammonia synthesis process, developing more efficient catalysts has at-

tracted much attention from both academia and industry. However, catalytic ammonia synthesis under mild conditions remains challenging

due to the inert chemical nature of dinitrogenmolecules.2 As yet, most studies about ammonia synthesis have been focused on supported Ru

metal and fused iron catalysts.3–6 Recently, intermetallic compounds,7,8 metal carbides,9 metal nitrides,10–12 transition metal-alkali (or alkaline

earth) metal hydride composites,13,14 and oxyhydride supported metals have also been found to be efficient catalysts for ammonia synthesis

typically under low temperatures and pressures.15–17

Transition metal nitrides (TMNs) have been widely studied in catalysis because of their noble metal-like catalytic properties.18 Up to

now, a variety of TMNs based on earth-abundant metals (Mo2N, Co3Mo3N, Fe3Mo3N, and Ni2Mo3N etc.) have been investigated in

ammonia synthesis.19–24 Usually, binary metal nitrides such as Mo2N have limited activities toward ammonia synthesis even under harsh

reaction conditions. Compared with binary metal nitrides, ternary metal nitrides such as Co3Mo3N have been found to exhibit much better

catalytic performances in ammonia synthesis,20,21 which is considered to be closely associated with suitable nitrogen binding energy of the

Co-Mo bimetallic catalyst.25 Although encouraging progress has been made for developing metal nitride catalysts by adjusting their struc-

tures, compositions and preparation methods, strategies for designing new kinds of effective metal nitride catalysts are still highly

desirable.18,26

A heterostructure is expected to have a large diversity of shapes, compositions, and especially interfaces, as each of its domains can be

tuned,27 whereby its functionality changes according to the different components in the structure. Chen et al. showed that the catalytic ac-

tivities of transitionmetals (TM)/TMN can be significantly enhanced with the addition of alkali or alkaline earthmetal hydride.13,14 The effect of

alkali or alkaline earth metal hydride is more prominent on the nitrides of V, Cr, and Mn. Nanoscale metal-metal nitride interfaces have been

reported to display advantages in heterogeneous catalysis owing to their flexibility of structures and compositions. For instance, rare earth

metal nitrides (LnN) supported transition metal catalysts (Ni/LaN andNi/CeN) have been demonstrated to be effective catalysts for ammonia

synthesis reaction.28–30 The abundant metal-metal nitride interface of TM/LnN catalysts is believed to play a vital role in activating N2 and

ammonia synthesis due to the presence of abundant surface N vacancy species and unique electronic structures.

Rational design of the metal nitride-based catalysts with abundant interface structure might thus help us to obtain catalysts with good

activity for ammonia synthesis reaction. Inspired by the strategy of constructing interfacial active centers in multifunctional heterogeneous

catalyst systems, we therefore try to cooperate two kinds of metal nitrides with controlled interfacial architecture to develop efficient
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composite catalysts for ammonia synthesis reaction. Herein, we report a metal nitride composite catalyst composed of Mn4N and EuN par-

ticles, which preserves the bulk structure of Mn4N and EuN but shows superior catalytic activities to both of the single component in ammonia

synthesis. The synergistic effect may originate from the formation of abundant interfacial active sites between the Mn4N and EuN particles,

which facilitating the activation and dissociation of N2. Tuning the proximity of nitride particles in Mn4N-EuN composite catalyst by adopting

different preparation methods not only changes its catalytic performance in ammonia synthesis, but also demonstrates the key criterion of

creating active sites in the interfacial region between two kinds of nitride particles.

RESULTS AND DISCUSSION
Catalytic performance and kinetic analyses

Here, we used EuH2 andMnN as the precursors of Eu andMn, respectively, to prepare the Eu-Mn composite catalysts. As shown in Figure S1,

EuH2 and MnN converted into EuN andMn4N, respectively, after the catalytic test. Figure 1A shows that Mn4N and EuN alone show very low

activities under 1.0 MPa below 450�C. Upon combination of Mn4N with EuN by a simple ball milling method, the ammonia synthesis rates of

Mn4N-EuN composite catalysts are significantly enhanced (Figure S2). The highest activity was obtained for the Mn4N-EuN sample with the

molar ratio of Mn4N/EuN= 3/8 (which is denoted hereafter as 3Mn4N-8EuN) (Figure 1A). The catalyst shows an apparent activity starting from

300�C (Figure 1B), and the ammonia synthesis rate at 450�C reaches 11,250 mmol g�1 h�1, which is 41 and 25 times of that of the Mn4N

(270 mmol g�1 h�1) and EuN (450 mmol g�1 h�1), respectively. And we also found that the enhancement in activity is not caused by variations

in specific surface area (see Table S1). By using an impregnation method, the performance of 3Mn4N-8EuN-IM can be further improved (Fig-

ure 1B), i.e., an NH3 synthesis rate of 1,710 mmol g�1 h�1 was achieved at 300�C, which is 2.7 times of the ball milled 3Mn4N-8EuN sample, and

even comparable to the benchmark Cs-Ru/MgO (1,386 mmol g�1 h�1) under the same conditions (Figure 1B).14 It is worthy of noting that the

activity ofMn4N-EuN catalyst is comparable tomany active catalysts based on group VIII metals reported in literatures (Table S2). Considering

the low activities ofMn4N and EuN, the unexpected high activity of 3Mn4N-8EuN indicates the presence of synergistic effect ofMn4N and EuN

for ammonia synthesis.

The stability test of 3Mn4N-8EuN in ammonia synthesis was performed at 450�C (Figure S3A). The result shows that the activity of 3Mn4N-

8EuN composite catalyst decreased slightly from12,600 to 11,250 mmol g�1 h�1 within 10 h, whichmay be due to the agglomeration of catalyst

during reaction. As shown in Figures S3B and S3C, the stability can be improved by mixing the Mn4N-EuN composite with MgO powder.

Specifically, the ammonia synthesis rate remained stable in a time period of 140 h at the conditions of 400�C and 1 MPa.

Kinetic analysis was conducted to study the reaction mechanism of ammonia synthesis over Mn4N-EuN catalyst. Figures 1C and S4 pre-

sent Arrhenius plots for ammonia synthesis reaction over xMn4N-EuN composite catalysts with different Mn/Eu molar ratios. The 3Mn4N-

8EuN catalyst has an apparent activation energy (Ea) of 65 G 2 kJ mol�1, which is much lower than those of Ru/MgO (79 kJ mol�1) and

Cs-Ru/MgO (120 kJ mol�1) catalysts,3,31 and comparable to some of the recently reported catalysts such as Ru/C12A7:e� (53.6 kJ mol�1),32

Fe-LiH (46.5 kJ mol�1),13 BaCrHN (50.1 kJ mol�1),33 and Ni/LaN (57.5 kJ mol�1) (Table S3).28 For the xMn4N-EuN sample with Mn/Eu molar

ratio in the range of 0.0625–8, relatively small Ea values in the range of 63–69 kJ mol�1 can be achieved (Figure S4). The similar Ea values of

xMn4N-EuN catalysts suggest similar structure of the active sites in the different composites. The N2 reaction order (b) of the 3Mn4N-8EuN

sample is 1.34, suggesting that N2 dissociation does control the overall reaction rate of ammonia synthesis (Figure 1D).34,35 Previous

studies have shown that the H2 reaction order of traditional Ru-based catalysts is generally negative, which represents redundant adsorp-

tion of H2 on the surface and thereby decreases the overall catalytic rate.16,36 Notably, the H2 reaction order of the 3Mn4N-8EuN sample is

1.68 (Figure 1D). This phenomenon is also reflected in the monotonic increase of NH3 synthesis rates with the rise of reaction pressure

(Figure S5), i.e., with the reaction pressure increased from 0.1 MPa to 1.0 MPa, the activity at 400�C shows a remarkable increase from

1080 to 6030 mmol g�1 h�1. The NH3 reaction order of 3Mn4N-8EuN, on the other hand, is �1.19 (Figure S6), revealing that NHx (x =

1–3) species strongly bind on the catalyst surface. These kinetic analyses reveal that the catalyst would work well when N2 and H2 partial

pressures are high and NH3 partial pressure is low.

Structural characterization of Mn4N-EuN catalyst

To understand the role of Mn4N and EuN in ammonia synthesis, a series of control experiments were performed. As shown in Figure 2A, the

activity of a sample for which Mn4N and EuN were separated by quartz wool (630 mmol g�1 h�1) is close to EuN (450 mmol g�1 h�1) or Mn4N

(270 mmol g�1 h�1). However, placingMn4N layer on top or beneath EuN layer leads to a considerably higher activity.We further examined the

activity by regulating the contact degree of the two components in Mn4N-EuN composite. It is interesting, though, that even the very gentle

physical mixing of Mn4N and EuN with a spatula provides efficient interaction between the two components, as the catalytic activity of the

3Mn4N-8EuN-S sample is even higher (5,850 mmol g�1 h�1). Further increasing the contact of the two components by ball milling shows

an obvious activity increase (11,250 mmol g�1 h�1). These results clearly show that the closer intimacy of Mn4N and EuN particles results in

the better catalytic activity.

Based on these experimental observations, we supposed that some active speciesmay be formed at the interface betweenMn4N and EuN

during reaction, denoted as [Eu-N-Mn]. Although there are no reports about ternary nitrides of Eu and Mn, other nitrides of rare earth metal

and transition metal such as La3V2N6 and Ce2MnN3 have been synthesized under harsh reaction conditions,37–39 and it might be possible to

form [Eu-N-Mn] species under ammonia synthesis reaction conditions.

The spent Mn4N-EuN composite catalyst was then subjected to X-Ray Diffraction (XRD), transmission electron microscopy (TEM), and

X-ray photoelectron spectroscopy (XPS) characterizations for obtaining detailed structural information. The XRD patterns (Figure S7) show
2 iScience 27, 110858, September 20, 2024



Figure 1. Catalytic performance of Mn4N-EuN

(A) Ammonia synthesis rates of 3Mn4N-8EuN, 3Mn4N-8EuN-IM,Mn4N, and EuN catalysts as a function of temperature under 1.0MPawith theweight hourly space

velocity (WHSV) of 60,000 mL g�1 h�1.

(B) Ammonia synthesis rates of 3Mn4N-8EuN-IM, Mn4N, EuN, Ru/MgO, and Cs-Ru/MgO catalysts at 300�C, 1.0 MPa, WHSV of 60,000 mL g�1 h�1.

(C) Arrhenius plots for ammonia synthesis on 3Mn4N-8EuN under 1.0 MPa.

(D) H2 (g) and N2 (b) reaction orders for the 3Mn4N-8EuN+MgO catalyst at 400�C and 1.0 MPa.
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Mn4N and EuN are the only observed crystalline phases. From TEM images (Figures 2B and S8), the lattice fringes attributable to

Mn4N(111) and EuN(200) can be observed. XPS (Figure 2C) shows that the binding energy of 396 eV can be attributed to the Mn-N

bond, and the value of 399 eV might be ascribed to the adsorbed NHx (x = 1 and 2).40 We also noted that, for the spent 3Mn4N-8EuN

sample, the binding energy of Mn 2p shifted to a lower value, suggesting electron transfer from Eu to Mn because of their different elec-

tronegativities (1.55 and 1.2 for Mn and Eu, respectively). The morphology and distribution of elements were characterized by Scanning

Electron Microscope Energy-Dispersive X-ray Spectroscopy (SEM-EDX) (Figure S9). Combined with TEM results, the catalyst is composed

of many small particles. And Eu, N and Mn were distributed in the same area at the micron scale, meaning that the Mn, N and Eu elements

on the catalyst surface are uniformly distributed. To further explore the reaction mechanism, we conducted H2-TPR-MS on the catalysts

after testing. The 3Mn4N-8EuN, EuN, and Mn4N samples were tested at 450�C for 5 h, then cooled to room temperature in the reaction

atmosphere, and then switched to pure H2. As shown in Figure 3A, the tested EuN shows one weak ammonia peak between 300�C and

500�C, while there is no obvious ammonia peak for the tested Mn4N. Different from that of the Mn4N and EuN, a weak peak around 175�C
and a very broad and strong peak between 350�C and 600�C can be observed in the H2-TPR profile of 3Mn4N-8EuN sample. The presence

of such strong peak evidences the formation of new kind of N species in the 3Mn4N-8EuN composite, which have higher reactivity toward
iScience 27, 110858, September 20, 2024 3



Figure 2. Structural characterization of Mn4N-EuN catalyst

(A) Effect of contact between Mn4N and EuN on catalyst activity. Reaction conditions: 30 mg catalyst, 3H2/1N2 = 30 mL min�1, 1.0 MPa.

(B) TEM images of 3Mn4N-8EuN collected after reaction.

(C) N 1s core level XPS spectra of 3Mn4N-8EuN, MnN, and EuN.

(D)Mn 2p core level XPS spectra of 3Mn4N-8EuN before and after reaction.

ll
OPEN ACCESS

iScience
Article
hydrogenation to NH3. The H2-TPR-MS results suggest that the nature of synergy of Mn4N and EuN is to facilitate the formation of active N

species in the 3Mn4N-8EuN composite, which are closely related with the formation of interfacial Eu-N-Mn structure at the interface region

in the 3Mn4N-8EuN composite. And N2 desorption from the used 3Mn4N-8EuN occurs above 480�C (Figure S10), which was not observed

over Mn4N and EuN. This result further supports the possible formation of active N species at the Mn4N-EuN composite catalysts.
N2 activation over Mn4N-EuN catalyst

It is generally believed that ammonia synthesis from N2 and H2 molecules involves the adsorption and dissociation of surface N2 and H2 mol-

ecules, and the following hydrogenation of surface dissociated N atoms to NH3 on the transition metal catalyst surfaces. Alternatively, the N

vacancies on the surface of metal nitrides such as Co3Mo3N have been suggested as the active site for the activation of reactants and forma-

tion of NH3 molecules.10,41 To get more understanding on the reaction mechanism, the activation of N2 over 3Mn4N-8EuN, Mn4N, and EuN

samples were investigated by N2 isotope exchange experiment (Figure 3B). It can be seen that very weak signal of 29N2 can be observed over

neat Mn4N and EuN samples, suggesting the weak activity of Mn4N and EuN for activating and dissociating 28N2 and
30N2. Under identical

conditions, obvious 28N2/
30N2 exchange reaction occurred on the 3Mn4N-8EuN composite at 400�C, leading to the formation of 29N2 at the
4 iScience 27, 110858, September 20, 2024



Figure 3. N2 activation over Mn4N-EuN catalyst

(A) H2-TPR-MS profiles for the tested 3Mn4N-8EuN, Mn4N, and EuN catalysts under a flow of pure H2 at a ramping rate of 5 �C min�1.

(B) N2 isotope exchange rates of 3Mn4N-8EuN, Mn4N, and EuN at 400�C under 32 kPa (28N2:
30N2 = 4.4: 1).
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expense of 28N2 and
30N2. Compared with that of the Mn4N and EuN samples, the high 28N2/

30N2 exchange rate clearly demonstrates the

strong capability of 3Mn4N-8EuN composite for activation and dissociation of N2 molecules.

Based on these experimental results, we propose that an active [Eu-N-Mn] species at the surface or interface of Mn4N-EuN composite

catalystsmight be formedduring the reaction, and theN in [Eu-N-Mn] can react facilely with H2 to formNH3 andN vacancy sites. N2molecules

are then adsorbed and activated at N vacancy sites to form the [Eu-N-Mn] to complete the catalytic cycle.
Performance of other Mn4N-LnN catalysts

Based on the understanding of synergistic effect of Mn4N with EuN, we then further investigated the catalytic performances of other Mn4N-

LnN composite catalysts for ammonia synthesis. Similar to the Mn4N-EuN composite catalysts, the activities of Mn4N-LnN composites show
Figure 4. Ammonia synthesis rates of 3Mn4N-8EuN, 3Mn4N-8LaN, 3Mn4N-8CeN, 3Mn4N-8PrN,Mn4N, and LnN under the reaction conditions ofWHSV

of 60,000 mL gcat
�1 h�1, 1.0 MPa, and 450�C

iScience 27, 110858, September 20, 2024 5
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a remarkable improvement as compared with those of the single nitride component alone under identical reaction conditions (Figure 4). Spe-

cifically, the 3Mn4N‒8LaN achieves an ammonia synthesis rate of 10,080 mmol g�1 h�1 at 450�C, which is ca. 37 and 28 times of that of Mn4N

and LaN (360 mmol g�1 h�1), respectively. The PrN shows a low activity at 450�C (720 mmol g�1 h�1), while an ammonia synthesis rate of

8,040 mmol g�1 h�1 can be achieved upon compositing withMn4N. The unprecedentedly improved activity suggests thatMn4N can also react

with LnN (PrN, CeN, and LaN) and likely form interfacial active [Ln-N-Mn] sites in the composite samples, which provides an energy favorable

reaction pathway for ammonia synthesis reaction. The superior activity of Mn4N-LnN composites further confirms the crucial role of interfacial

active structure in ammonia synthesis, which offers a new strategy to design efficient ammonia synthesis composite catalysts based on earth-

abundant metal nitrides.

Conclusion

In summary, we report an activeMn4N-EuN composite catalyst for ammonia synthesis. The proximity ofMn4N and EuNparticles is a key factor

in optimizing the performance of the catalyst. The formation of Eu-N-Mn species is critically important to understand the catalytic function of

this composite nitride catalyst. The synergy of Mn4N and rare earth metal nitrides has been found universal in different Mn4N-LnN composite

catalysts. The nature of interface of Mn nitride and rare earth metal nitride at the atomic level remains an open question, which needs

advanced characterization techniques. The exploration of other nitride-based composite catalysts containing early transition metals and

rare earth metals is worthy of future studies. By screening the proportions of early metals and rare earth metals, a nitride catalyst showing

superior activity for ammonia synthesis under mild conditions to those of Fe and Ru could be developed.

Limitation of the study

Detailed information about the structure of the [Eu-N-Mn] interface remains elusive and requiresmore advanced characterization techniques.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Eu Beijing Ryubon New

Material Technology, LTD

CAS No.: 7440-53-1

MnCl2 Alfa Aesar CAS No.: 7773-01-5

LiNH2 Alfa Aesar CAS No.: 7782-89-0

THF Macklin CAS No.: 109-99-9

Software and algorithms

Origin 2021 OriginLab Corp. https://www.originlab.com/2021

EasyDirectTM pH Mettler Toledo https://www.mt.com/cn/zh/home/products/lab-solutions/

lab-software/easydirect.html

Other

XRD Panalytical https://www.malvernpanalytical.com.cn/about-us

TEM JEM-2100 JEOL https://www.jeol.com/corporate/globalnetwork/

SEM JSM-7800F JEOL https://www.jeol.com/corporate/globalnetwork/

BET Specific Surface Area Anton Paar https://www.anton-paar.cn/about-us/company/

X-ray photoelectron spectroscopy-ThermoFisher

ESCALAB 250Xi

Thermo Fisher Scientific https://corporate.thermofisher.com/us/en/index/about.html

Mass Spectrometer-Hiden HPR20 Hiden Analytical https://www.hidenanalytical.com/

Mettler Toledo SevenMulti Mettler Toledo https://www.mt.com/cn/zh/home.html
METHOD DETAILS

Catalyst preparation

The precursor of MnN, denoted as Mn-NH, was prepared by ball-milling the mixtures of manganese chloride (MnCl2, Alfa, 97%) and lithium

amide (LiNH2, Aldrich, 95%). MnN was obtained by calcinating the Mn-NH precursor under vacuum at 300�C for 3 h, and the LiCl by-product

was removed by washing with THF for several times. EuH2 was prepared by loading a certain amount of europiummetal powder in a stainless

steel reactor filled with 2.5 MPa of H2, and heating at a ramping rate of 5 �C min�1 to 600�C for 36 h, then the sample was transferred into a

stainless steel jar with 1.0 MPa of H2, and ball-milled on a Retsch planetary ball mill (PM 400) at 200 rpm for 2 h. Mn4N-EuN composite catalyst

was prepared by ball-milling a certain amount of MnN and EuH2 at 200 rpm for 3 h. Mn4N-EuN-IMwas prepared by an impregnation method,

the Mn-NH was impregnated in a europium-ammonia solution, where europium metal can be converted to Eu(NH2)2, and Eu(NH2)2 can be

converted to EuN after reaction under a flow of 75% H2/N2. Mn-NH was washed by THF to remove LiCl before impregnation.

Catalyst activity test and kinetic analysis

The ammonia synthesis performance was evaluated in a stainless-steel reactor with a WHSV of 60000 mL g�1 h�1 under the reaction conduc-

tion of 300�C–450�Cunder 1.0MPa. The catalysts (30mg) were heated from room temperature to 450 �Cat a ramping rate of 5 �Cmin�1 under

75% H2/N2 mixture gas (30 mL min�1). The ammonia production rate was measured by using a conductivity meter (Mettler Toledo

SevenMulti). The exhaust gas was directed into a diluted sulfuric acid solution, and the change in proton conductivity over timewasmeasured.

Changes in conductivity were tracked using an EasyDirect pH software, and the data can be converted into aWord document. The calculation

method of ammonia synthesis rate is described in the following quantification and statistical analysis section.

Reaction kinetics were performed at 350�C and 1.0 MPa NH3 reaction order was measured by changing the gas (75% H2-25% N2) flow

rate from 18 to 48 mL min�1, and keeping a constant N2 and H2 partial pressure. The reaction order of H2 was obtained at a constant flow

30 mL min�1 using Ar gas as a diluent, the flow gas fixed N2 partial pressure (0.2 MPa) while changing the H2 partial pressure from 0.2 to

0.7 MPa. Similarly, the N2 reaction order was measured by fixing the H2 partial pressure (0.5 MPa) while changing the N2 partial pressure

from 0.05 to 0.5 MPa, and the gas flow at a constant flow 30 mL min�1.

Catalyst characterization

XRD patterns were performed on a PANalytical X’pert diffractometer using a homemade sample cell covered with KAPTON film to avoid air

contamination. TEM images were obtained using a JEM-2100 electron microscope. The catalyst powder was dispersed in cyclohexane and
iScience 27, 110858, September 20, 2024 9

https://www.originlab.com/2021
https://www.mt.com/cn/zh/home/products/lab-solutions/lab-software/easydirect.html
https://www.mt.com/cn/zh/home/products/lab-solutions/lab-software/easydirect.html
https://www.malvernpanalytical.com.cn/about-us
https://www.jeol.com/corporate/globalnetwork/
https://www.jeol.com/corporate/globalnetwork/
https://www.anton-paar.cn/about-us/company/
https://corporate.thermofisher.com/us/en/index/about.html
https://www.hidenanalytical.com/
https://www.mt.com/cn/zh/home.html


ll
OPEN ACCESS

iScience
Article
dropped on a carbon-coated copper TEM grid. The morphology of the sample was evaluated using field-emission scanning electron micro-

scopy (JSM-7800F), and the component elements were analyzed using energy-dispersive X-ray spectroscopy (EDX, JSM-7800F). XPS

(ThermoFisher ESCALAB 250Xi) measurements were performed using Al Ka (hn = 1486.6 eV) radiation as a trigger. Charging effects were

corrected by the C1s binding energy of 284.8 eV. The BET specific surface areas of catalysts were measured by N2 physisorption at

�196�C on a Quadrasorb evo instrument. Temperature-programmed techniques were performed on a quartz-lined stainless-steel reactor

and the tail gases were analyzed by an online mass spectrometer (MS, Hiden HPR20). Sample was heated in H2 (H2-TPR) or Ar (Ar-TPD)

from room temperature to desired temperatures. N2 isotopic exchange experiments were performed in a stainless-steel reactor connected

to a vacuum-pumping system. 50 mg catalyst was loaded into the reactor in the Ar-filled glovebox. The sample was treated at 300�C, and a

mixture of 15N2 and
14N2 (

15N2/
14N2 = 1:4.4, total pressure: 31.34 kPa) was then introduced in the stainless-steel reactor. The m/z signals at 28,

29 and 30 were monitored by a MS (HPR 20, Hiden).
QUANTIFICATION AND STATISTICAL ANALYSIS

This study includes calculations of ammonia synthesis rate, apparent activation energy, and reaction order.
Calculation of ammonia synthesis rate

The ammonia synthesis rate rNH3 is calculated using Equation 1:

rNH3
=

DC � a � 3600
600 �mcat

(Equation 1)

Here, DC represents the change in conductivity over 10 min. The coefficient a is defined as the ratio of the amount of ammonia to the

change in conductivity, and mcat is the weight of the catalyst.
Calculation of apparent activation energy

The apparent activation energy in this paper is calculated using the Arrhenius equation (Equation 2):

lnk = lnA � Ea=RT (Equation 2)

Ea is calculated from the slope of the Arrhenius plot. The unit of Ea is kJ/mol.
Calculation of reaction order

The reaction orders with respect to NH3, N2, and H2 are denoted as a, b, and g, respectively. And the ammonia synthesis rate can be repre-

sented by Equation 3:

r = kPa
NH3

Pb
N2
Pg

H2
(Equation 3)

The equation can be transformed into Equation 4:

lnr = lnk +a ln PNH3
+ b ln PN2

+g ln PH2
(Equation 4)

Here, the reaction order with respect to NH3 can be tested by changing the flow rate of reaction gas (F), and the corresponding ammonia

synthesis rate can be measured. The value of a can be obtained by plotting lnCNH3 versus ln(1/F), where the slope represents 1/(1-a).

The CNH3 the ammonia concentration can be calculated by Equation 5:

CNH3
=

rNH3
�mcat � Vm

1000 �
�
F � 60 � rNH3

� Vm � mcat

1000

� (Equation 5)

The Vmmeans the standard molar volume at room temperature, and the unit is L/mol. F is the flow rate of reaction gas, the unit is mL/min.

The reaction orders of N2 and H2 can be calculated by changing the partial pressure of one reactant gas while fixing the partial pressure of

the other one. For example, when calculating the N2 reaction order, the ammonia synthesis rate can be given as Equation 6:

lnr � a ln PNH3
=

�
lnk + g ln PH2

�
+ b ln PN2

(Equation 6)

The partial pressure of H2 and the total pressure remain unchanged, the value of lnk+glnPH2 is a constant, and the reaction order with

respect to N2 (b) can be obtained from the slop of the plot.

H2 reaction order can be calculated in the similar method.
ADDITIONAL RESOURCES

This study does not report additional resources.
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