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Interstitial nitrides revisited — a simple synthess of MyMo3N (M = Fe, Co, Ni)

Jack O. Conway and Timothy J. Prior*

Abstract

The efficient synthesis of polycrystalline filleceta-Mn structured MMosN, and the eta-
carbides FegMosN and CgMosN, by a single heating of metal powders at 975 PGeu a
hydrogen-nitrogen mixture is reported. Rietveld lgsia of high-resolution X-ray powder
diffraction data shows that the reduction-nitridatiof NiMoO, produces NMosN and

nickel; NisMosN is not obtained in this way and its existenceisproved.
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1. Introduction

Interstitial metal nitrides have attracted muchemtibn due to their potential industrial
applications particularly in catalysis.[1] The pase of the interstitial increases the strength
of the metallic bonding and these materials oftepldy a high toughness, making them
useful as abrasives or cutting tips.[2] Some ntades have a high thermal conductivity or
display superconducting properties. In additiorthis, many ternary nitride compounds are
known to demonstrate catalytic activity, especiétlythe synthesis of ammonia. It has been
show that the interstitial atoms are mobile in sasneh phases and can be depleted and
replenished.[3] Although there exist a number dfedent structure types which interstitial
nitrides can adopt, two of the most significant #re n-carbide and filled3-manganese

phases.

1.1.Filled p-Manganese andy-Carbide Structures

The high temperature form of mangangs&f) is one of the most complex of any metallic
element with Pearson symbol cP20. Certain intabktitompounds exist with an array of
metal atoms similar to that iB-Mn in which there is a small non-metal atom camtdi
within an octahedral hole; these have thiked p-Mn structure.[4] Using NMosN as an
example, the structure may be described in termtw@fsub-units. (Figure 1) Nickel atoms
are positioned on the 8c Wyckoff positions in spgaip P432 (no. 213), forming a (10,3)-
a network[5] of atoms. A net of corner-sharing §Mooctahedra fills the space within the
network of nickel atoms.[6] Nitrogen atoms occugdy the octahedral holes within the
structure at the 4a Wyckoff positions. The compobigMoz(N/C) has been produced from
the parent nitride and contains a random mixturenitbgen and carbon interstitials.[7]
Recently, the mineral BAg,S, named Coldwellite, has been reported to crystallith the
filled B-Mn structure.[8] Interstitial borides with thel&t B-Mn structure have been shown to
display superconductivity below 5K.[9, 10] Therashbeen particular interest in these
compounds because of the presence of magnetic waigen iron or cobalt is one of the

elements present.[4, 6, 11-13]



Figure 1: The filled B-Mn phase NiMosN viewed down 100. Nickel atoms (black) adopt a
(10,3)-a network; MgN octahedral (grey) occupy the space in this nekwor

Then-carbide structure is so called because of its mapgee as an impurity in steels.[14, 15]
It may be thought of as a filled variant of theNii structure[16] which can be described in
space groufd3m in terms of the Wyckoff positions of the atomsTa&Ni®*?Ti'®. (Note
that there are two different origins for this spgeeup hence the Wyckoff site 16¢c sometimes
appears as 16d.) Therefore the metal sites magdmtified as MM',M". An additional non-
metal atom occupies the octahedral hole to genematgcarbide MM';M"X. Various n-
carbide nitrides such as J¥é;N[17] and FeMosN[18] are possible depending on the
occupation of the (ordered) metal sites. Usingekemple of FeMosN, the structure can be
described as two diamondoid subunits. The firdhete units comprises tetrahedra of metal
atoms on the 32e site, in this case, iron atoms.t€trahedra are capped over each face by
the iron atoms of the 16d site, forming superteddah. These supertetrahedra (sometimes
referred to astellae quadrangulae) share corners to form a diamondoid net. (Figyréf
second subunit has a composition of corner-shaviogN octahedra, forming clusters which
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are orientated in second diamond net. The two oletee n-carbide phase are related by a
translation of 2, ¥2, ¥ to each other.[19] (Figuye 3

Figure 2: n-carbide structure, showing the tetrahedral forrogdhe atoms of the 32e site
depicted in black. These are face-capped by thesatd the 16d site, shown in grey, forming
supertetrahedra.

Figure 3: Relationship between the two diamondoid nets efrfitarbide structure. The
diamondoid net of corner-sharing M\ octahedral fills the space in the Fe supertetiahe
net. (Colours: Fe 32e black; Fe 16d grey;sMactahedral grey)



As with the filledB-Mn phase, the nitrogen atoms fill the octaheddé$ of then-carbide
structure. However, unlike the fillggtMn phases, it is not essential for stability thdtof
octahedral holes are filled. It has been demorestrétat NiMosN exchanges nitrogen,[20]
but no similar nitride with less nitrogeie @ partially occupied interstitial site) is knowBut

for the n-carbide, CeMosN and C@MosNy, (normally written CeMogN) are known and
conversion between these two phases is possiblef8jvise FgW3;C and FeW¢C can be
prepared by milling of precursors and heat treatrf#t] The conversion between carbides
and nitrides and their relative catalytic activitgs been studied recently.[22] There has been
considerable interest in the magnetic propertiesitide phases crystallising with the

carbide structure and both practical and theoreticalies have been undertaken.[23-25]

1.2.Ni;MosN and “NizMo3sN”

Nickel molybdenum nitride, NMosN, is a ternary nitride which has been shown taabe
active ammonia catalyst.[20] It has been studiedi@with a variety of other metal nitrides
in catalytic reactions. In the majority of publiats, nickel molybdenum nitride has been
reported as NMosN, adopting the filled3-Mn structure type (cubic, a ~ 6.64 A).[26-32]
However, there have also been a significant nunobestudies carried out on “pWosN”,
implying that nickel molybdenum nitride adopts tlecarbide structure, like that of
FesMosN.[33, 34] An early report of the Ni-Mo-N systemggested that NMosN was a new
orthorhombicn-carbide with lattice parameters, a = 6.635 A, 6.668 A, and ¢ = 6.573
A.[35]

NioMosN may be produced by heating stoichiometric quigstitof nickel oxide and
molybdenum oxide under a reducing atmosphere atelihydrogen in nitrogen (10%).[36]
FesMosN can be made in a similar way or prepared by anmtion of a 1:1 Fe:Mo oxide
precursor such as FeMq@Qt was reported that the-carbide structured BViosN could be
produced by ammoniation of NiMo@35] This has proved controversial and doubt heenb
cast on the existence of Mo3N.[37] However, Lianget al. reported low resolution
diffraction data that they claim show puresMosN is made in this way without the presence
of nickel metal.[34]

Here we demonstrate that reports of;NWd3N are incorrect and the ammoniation or

reduction-nitridation of NiMo@ leads to a mixture of BVosN (sic) and nickel. Our raw
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data are consistent with that of Liaegal. but our interpretation by multi-phase Rietveld
refinement against high-resolution powder diffragtidata is different and we demonstrate
that NgMosN should be formulated as JMosN + Ni. Furthermore, we also show that
Ni-MosN can be made directly from the powdered metaleuadchydrogen-nitrogen mixture

and that this route is appropriate for the synthegpolycrystalline FgMosN and Cg@MosN.

2. Materials and methods

Synthesis

The synthesis of MMosN was reproduced by mixing stoichiometric amounts o
Ni(NO3)..6H,O (Alfa Aesar, 98%, 13478-00-7) and Mglfa Aesar, 99.95%, 1313-27-5).
The powders were ground until homogeneous. Theum@was then fired in an electric tube
furnace at 700C for a period of 48 hours (ramp raté@min) under an atmosphere of dilute
hydrogen (10%) in nitrogen (Energas) at a flow rates dm/hour. The sample was the
reheated to 750, 850 and 9%D, for 24 hours at each temperature, regrinding/ben each
firing. Each firing was performed using the samaueeng atmosphere, ramp rate and flow

rate.

To prepare the sample of NiMaGstoichiometric amounts of Ni(NJ.6H,O (Alfa Aesar,
98%, 13478-00-7) and (N§M0-0,4 (Alfa Aesar, 12027-67-7) were mixed and groundlunt
homogeneous. This was added to an agar soluti®® & made from adding 5g of agar
powder to 70 ml of water, and the mixture stirredillcompletely homogenous. The gel was
dried at 70°C for 24 hours, before calcining at 700, in air, for 3 hours, (ramp rate 5
°C/min). The NiMoQ produced was then heated to P@0for a period of six hours (ramp
rate 3°C/min), under an atmosphere of dilute hydrogen (L0%mnitrogen, (flow rate of 5
dm*hour). This was followed by a firing at 976, for a period of 36 hours, under the same
reducing atmosphere.

The synthesis of BBlosN was completed by firing a homogeneous mixtur&af powder
(Hoganas Metallurgy, at least 93%, 7139-89-6) amulybdenum powder (Alfa Aesar,
99.9%, 7139-98-7) at 97% for 36 hours in an atmosphere of dilute hydro¢iEdo) in
nitrogen (flow rate of 5 dithour). The metal powders were ground togetherandtprior to
firing to give a visible homogeneous mixture. Theme procedure was followed for the



synthesis of CgMosN, using cobalt powder (Fluka, 99.8%, 7440-48-4) &r Ni;MosN,
using nickel powder (Johnson Matthey, 99.9%, 742®0

We have observed no degradation of samples inmharefore samples were removed from
the furnace after cooling to room temperature aaddled in air without further special

precautions.

Analysis

X-ray powder diffraction data were collected usiagMalvern PANAlytical Empyrean
powder diffractometer operating with CuoKradiation & = 1.54056 A) and a PIXcel
detector. Data were collected in Bragg-Brentanargetoy the range 18 26 / °< 130 with a

step sizeA20 = 0.026 °. Samples were finely ground and the mmimn amount of powder was

mounted onto a zero-background silicon wafer sarnplder.
Raw X-ray diffraction data are available. Theseenbgen uploaded to Mendeley data.

Each sample was analysed by Rietveld refinementj8lg the GSAS suite of programs[39]
and the EXPGUI interface.[40] Backgrounds wereefittusing a shifted Chebyshev
polynomial of the first kind. Peak shapes were nledaising a pseudo-Voigt function. In all
cases a zero point, lattice parameters, and atpasitions were refined. In all cases, except
for FesMosN Ujse values were refined where reasonable; faMiegN the Us, value for all

atoms was set to zero.

Nitrogen analysis was performed using a Carlo Eti&6 CHN analyser.

3. Results and Discussion

3.1 Synthesis of filledp-Mn Ni,Mo3N

It is known that NiMosN can be prepared from stoichiometric mixturesinfby oxides.[36]

It proved possible to repeat this using nickelatérhexahydrate and molybdenum oxide as
the starting materials. The X-ray powder diffrantidata demonstrate the single-phase nature
of the product, with the diffraction pattern exhibg the characteristic descending triplet of
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peaks between 40° and 4@P 20 support this result, a Rietveld refinement wasformed
(Figure 4) which displayed a good fit (wRp = 0.080Ehe structure of the product,NosN

is in agreement with previous reports.[36] Detaflhe structure refinement are in Table 1.
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Figure 4: Observed (x), calculated (line), and different@vér line) X-ray diffraction
profiles for NbMosN (PDF: 01-089-4564), produced from Ni(h6H,O and MoQ. (Rp =
0.0532, wRp = 0.0809). Tick marks show the posgianh allowed reflections. The inset

shows an enlargement of the fit in the regior<@ / °< 130.

The product of reduction-nitridation of NiMa@ave an X-ray powder diffraction pattern
consistent with that reported by Beshal.[35] and by Lianget al.[34] The raw data are
shown in Figure 5 and the peak positions are ctargisvith the PDF entry number 00-049-
1336 for NgMosN, but we can show this assignment is wrong. Simidathe data for
Ni>MosN (Figure 4) the characteristic descending tripletween 40 and 46 ©4s present,
signifying the presence of a phase with the fillellin structure. Extra peaks consistent with
metallic nickel (43.7, 50.9, and 75.0°) are cleanigicated in Figure 5. We hope that this
figure will prove useful to those working in theelfi of catalysis who attempt to make
NisMosN. Rietveld refinement against the powder diffractdata in Figure 5 was carried out
using a two-phase model @NMosN and Ni) and provided a good fit to the data (WRp
0.0867) (see Table 1 and Figure S1) and unequilyocahfirmed the presence of NlosN
(sic) and Ni rather than MosN. Quantitative fitting of diffraction data showset presence



of 17.5(1)% Ni in the product. We will return toettoutcome of this experiment in the

conclusion.
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Figure 5: X-ray powder diffraction data from a sample of Mi®}, reduced under 10%Hh
N.. The upper tick marks indicate allowed reflectidmsnickel (PDF: 01-077-9326) and the
lower tick marks indicate allowed reflections for,MosN (PDF: 01-089-4564).

Whilst conducting a study on the reduction of mixedtal oxides, it was observed that the
reaction pathway suggested the intermediate foomatif metals before the nitridation

occurred. This insight suggested that it would betnecessary to utilise stoichiometric
precursors or mixtures of metal oxides as stanmadgerials. Therefore we attempted to make

NiMosN and MgMosN (M = Fe or Co) from intimately ground mixturespmire metals.

In line with the synthesis reported above, a higbiystalline product, NMosN, was
obtained from reduction-nitridation of mixed megald the structure refined by the Rietveld
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method. An excellent fit (WRp = 0.0634) was obtdimed this demonstrated that the product
was a single phase. (See Table 1 and Figure SE)gdit analysis demonstrated that the

product was fully stoichiometric: PMosN expected %N 3.34; observed %N 3.29.

3.2 Synthesis ofm-carbides MsMosN (M = Fe or Co)

In a similar way to NiMosN it was possible to obtain gdosN and C@MogN directly by

nitridation of mixed metal powders using 10% hydnogn nitrogen in a one-step procedure.

FesMosN

The powder diffraction pattern showed the prodadie highly crystalline and confirmed the
presence of am-carbide as the dominant product. Rietveld refinemeonfirmed the
structure of FeMosN in line with previous reports (WRp = 0.0515). Anall quantity of
molybdenum €a. 3.9(1)% by weight) was also presence and this acasunted for in the
data analysis. Nitrogen analysis demonstratedttieajproduct was reasonably close to the
expected stoichiometry: EMdosN expected %N 2.98; observed %N 2.61. Structural
refinement details are contained with Table 2 d@dRietveld fit is in Figure S3. An analysis
of the reported diffraction data for the much lesdely cited compound FR®&l0;N[41]
reveals that this is really a mixture of s;M®3N and an iron-molybdenum alloy. (See

supporting information graph S4)

CozsMosN

A highly crystalline product was obtained from treduction-nitridation of a mixture of
cobalt and molybdenum powders. The major produesgmt was thg-carbide CeMosN.
Rietveld refinement (wWRp = 0.0517) confirmed theusture was in good agreement with
previous reports and verified that the cobalt and phases are isostructural.[18] Details of
the refinement are contained in Table 2 and thées fgthown in Figure 6. Nitrogen analysis
confirmed that the product was stoichiometric3l@osN expected %N 2.93; observed %N
2.87. A small amount of GMosN (ca. 7.72(18) % by weight) was also present which was

allowed for in the data analysis. This is not whalhexpected and is in line with earlier work
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in the Co-Mo-N system which established thatsMa;N and CeMosN are of similar

stability and one is often an impurity in the otf[&8]
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Figure 6: XRD data of the synthesis of €@osN using metal powders as sources of Mo and
Co. Synthesised under 10% id N,. The upper tick marks indicate allowed reflectidos
Co,MosN (PDF: 01-072-6570) and the lower tick marks iadkc allowed reflections for
CosMosN (PDF: 01-089-7953). (Rp = 0.0444, wRp = 0.051The inset shows an
enlargement of the fit in the region £@6 / °< 130.

4. Discussion and conclusions

Here we have demonstrated that the compositiogM®§N is correctly formulated as
Ni2MozN + Ni and shown that the filleB-Mn phase NiMosN and then-carbides FgMosN
and CgMo3N can be formed by nitridation of the metals unaigirogen. To our knowledge
this synthesis route has not been reported before.
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There are recent examples of papers that repodatadytic activity of NiMosN obtained by
ammoniation of NiMoQ.[33, 42-47] It is notable that in contrast to athecarbide nitrides,
no structural refinement exists for the putativenpound NiMosN. Some authors are
adamant that there is not nickel in their sam4$.The data presented in the current work
clearly demonstrate that reduction-nitridation omaoniation leads to a mixture of JNMlozN
and nickel. Furthermore, we believe there is na@awe that NMosN yet exists and the
wide proliferation of diffraction data identifieds éNisMosN (PDF no. 00-049-1336) is an
unhelpful distraction for those working on catatysf mixed metal nitrides. We suggest it
may be appropriate that powder diffraction dataiestor NsMosN should be removed from

databases.

We have a fair expectation thatzMiosN may be discovered in the future. The existence of
the n-carbides NiMo03C[48] and NiW3N[37] is encouraging in this regard and many other
similar Ni-containing phases have been crediblyorega to adopt the-carbide structure,
such as NiNb3N.[49]

There are examples of structural refinementsn-a@arbides that contain nickel such as
Ni.GaM®N.[50] However, electronic factors must be impottaere as it is possible to

predict the structure of mixed-metal nitrides franknowledge the metals present. For
example, FéMosN is unknown but Fe&sMosMosN (M = Ni, Pd, Pt for example) adopt the
filled B-Mn structure. Likewise NMosN is unknown but NGaMoN is known. And as

highlighted elsewhere, both gdosN and CeMozN are known and it is possible to choose
the desired (major) product from the synthetic mdthThe electronic and size factors that
determine the structures are still poorly undemtaod this is an area in which further

calculations will be valuable in the future.

The synthesis presented here is rather more effiti@an that of multiple reductions of mixed
metal oxides with intermittent grindings. It alsenroves the need for using ammonia in the
synthesis. It is relatively simple to propose aigtitforward mechanism for the reaction.
Iron, for example, is known as a catalyst for thatlsesis of ammonia from its elements;
presumably at a suitable temperature ammonia isddrin the reaction and this is one of the
active nitridation agents. At 1 bar pressure, urttler reaction conditions, the equilibrium
partial pressure of ammonia is calculated to be B3 bar. Finally it is notable that each of

the interstitial nitrides is formed from the nelitm@etals under reducing conditions; oxidised
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metal are not needed suggesting the products ayemvetal-like in nature and the metal

atoms have little cationic character.

These nitrides are a fertile area of research. W pursing this efficient synthesis further

and hope to return to it in a future publication.
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1. NizM osN from NI(N03)26H20 and MoO;

No. of data points = 4614 y*=2.232

R=0.0532 wR=0.0809

Space group R32

a = 6.63350(2) A

Atom Wyckoff | x y Uiso / A

Ni1 8c 0.06713(14) | 0.06713(14)| 0.06713(14)  0.0118(5
Mol 12d 0.125 0.20157(7) | 0.45157(7) |  0.01059(17)
N1 4a 0.375 0.375 0.375 0.009(3)

2. NizMosN and Ni from NiMoO4

No. of data points = 4614 y*=2.194 R=0.0679 wR=0.0867

NioM 03N Space group R82 a=6.632398(17) A

Atom Wyckoff | x y Uiso / A

Ni1 8c 0.06685(13) | 0.06685(13)| 0.06685(13)  0.00B4(4
Mol 12d 0.125 0.20140(7) | 0.45140(7) |  0.00692(15)
N1 4a 0.375 0.375 0.375 0.005(3)

Ni Space groupm3m a=3.57787(4) A

Nil 4a 0 0 0 0.006

3. NizMosN from Ni and Mo

No. of data points = 4614 x*=1.435 R=0.0491 wR=0.0634

Space group R82 a=6.63277(3) A

Atom Wyckoff | x y Uiso / AZ

Ni1 8c 0.06673(10) | 0.06673(10)| 0.06673(10]  0.00R7(3
Mol 12d 0.125 0.20160(5) | 0.45160(5) | 0.00383(11)
N1 4a 0.375 0.375 0.375 0.004

Table 1: Refinement details and structure infororafor preparations of BMilosN.



1. FesMosN

No. of data points = 4614 = 1.046

R=0.0390 wR=0.0515

Space groufd3m a=11.07808(8) A

Atom Wyckoff | x y z Uiso / A®
Fel 32 0.20391(12) | 0.29391(12) 0.29391(12) O
Fe2 16d 0.5 0.5 0.5 0

Mol 48f 0.32173(10) | 0.125 0.125 0

N1 16¢c 0 0 0 0

2. CosMosN

No. of data points = 4614 x*=0.9340 R=0.0444 wR=0.0517

Space grougrd3m a = 11.02089(14) A

Atom Wyckoff | x y z Uiso / A
Col 32e 0.2916(2) 0.2916(2) 0.2916(2) 0.002
Co2 16d 0.5 0.5 0.5 0.002
Mol 48f 0.32442(17) 0.125 0.125 0.0031(4
N1 16¢c 0 0 0 0.002

Table 2: Refinement details and structure infororatfor preparations of ElosN and

CosMosN.
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Highlights

One step production of NioMosN, FesM ozN, and CosM o3zN without the need for
ammonia.

X-ray powder diffraction data showsthat the reduction-nitridation of NiMoO4
produces Ni,MosN and nickel;

The existence of the compound NizMozN at thistimeisdisproved. Potential for future
discovery isdiscussed.



