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a b s t r a c t 

321 phases are an atypical series of MAX phases, in which A = As/P, with superior elastic properties, fea- 

turing in the MA-triangular-prism bilayers in the crystal structure. Until now, besides Nb 3 As 2 C, the pure 

phases of the other 321 compounds have not been realized, hampering the study of their intrinsic prop- 

erties. Here, molten-salt sintering (MSS) and solid-state synthesis (SSS) were applied to synthesize As/P- 

containing 321 phases and 211 phases. Analyzing the phase composition of the end-product via multiple- 

phase Rietveld refinement, we found that MSS can effectively improve the purity of P-containing MAX 

phases, with the phase content up to 99% in Nb 3 P 2 C and 75.4(5)% in Nb 2 PC. In contrast, MSS performed 

poorly on As-containing MAX phases, only 8.9(4)% for Nb 3 As 2 C and 64(2)% for Nb 2 AsC, as opposed to 

the pure phases obtained by SSS. The experimental analyses combined with first-principles calculations 

reveal that the dominant formation route of Nb 3 P 2 C is through NbP + Nb + C → Nb 3 P 2 C. Moreover, 

we found that the benefits of MSS on P-containing MAX phases are on the facilitation of three consid- 

ered chemical reaction routes, especially on Nb 2 PC + NbP → Nb 3 P 2 C. Furthermore, the intrinsic physical 

properties and Fermi surface topology of two 321 phases consisting of electron, hole, and open orbits are 

revealed theoretically and experimentally, in which the electron carriers are dominant in electrical trans- 

port. The feasible synthesis methods and the formation mechanism are instructive to obtain high-purity 

As/P-containing MAX phases and explore new MAX phases. Meanwhile, the intrinsic physical properties 

will give great support for future applications on 321 phases. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

MAX phases are a series of metallic ceramics with a general 

hemical formula [1] , M n + 1 AX n , in which the crystal structure can 

e viewed as an alternating stack of one MA-triangular-prism layer 

nd n MX-octahedron layers [2] , n = 1–3. In the formula, M means

he transition metals, A is the main group elements, and X is C/N. 

he excellent combination of thermal, electrical, and mechanical 

erformances makes MAX phases show promising potential on the 

tructural and conductive components at high temperatures [ 1 , 3 , 4 ].
∗ Corresponding authors. 

E-mail addresses: hungxchen@163.com (H. Chen), sxdu@iphy.ac.cn (S. Du), 
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esides, as the source materials to synthesize two-dimensional 

ransition metal carbides (MXene) [5–8] , lots of attention is fo- 

used on these series of materials. 

In recent years, the family of MAX phases has been growing 

ast; more than 80 kinds of MAX phases have been experimentally 

iscovered [ 7 , 9–14 ]. In 2019, an atypical series of As/P-containing 

AX phases named 321 phases deviating the general chemical for- 

ula, including Nb 3 As 2 C, Nb 3 P 2 C, Ta 3 P 2 C, and V 3 As 2 C, was added

o the MAX family [2] , feathering in the MA-triangular-prism bi- 

ayer in contrast to the single-layered one in other MAX phases. 

b 3 As 2 C was found to possess a high bulk modulus up to 225(3) 

Pa [2] , and excellent elastic properties were predicted [ 2 , 15 ].

mong four 321 phases, due to the relatively low toxicity, low den- 

ity, and superior elastic performance, Nb 3 P 2 C was predicted to 

ossess the best application prospect among all 321 phases. Until 
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ow, only Nb 3 As 2 C has been synthesized in the pure phase. Using 

he solid-state synthesis (SSS) method, the phase content of the 

nd product cannot be higher than 60%. And the underlying reason 

hy the pure phase is hard to be obtained is still unclear. Mean- 

hile, As/P-containing 211 phases also show outstanding mechan- 

cal and thermal properties among MAX phases [16–18] . However, 

ue to the lack of the high-purity Nb 2 PC sample, most works are 

ocused on Nb 2 AsC [ 16 , 18–20 ]. The pure-phase synthesis of As/P- 

ontaining MAX phases has been the Achilles to the experimental 

tudy of their intrinsic properties and exploration of their further 

pplications. Therefore, a new synthesis method is urgently needed 

o obtain pure As/P-containing MAX phases. 

Inspired by these, we attempt to study the pure-phase syn- 

hesis, formation mechanism, and intrinsic physical properties of 

s/P-containing MAX phases. Molten-salt synthesis (MSS) has been 

idely used in crystal growth and chemical synthesis and proved 

o be applicable to the synthesis of MAX phases [ 14 , 21–29 ] which

s helpful to improve the purity and reduce the sintering tem- 

erature ( T s ). In this work, we adopted an MSS method to syn- 

hesize As/P-containing MAX phases, including Nb 3 P 2 C, Nb 3 As 2 C, 

b 2 PC, and Nb 2 AsC. Meanwhile, a comparison with the phase con- 

ent of the ones prepared by the SSS method was made. The ef- 

ect of T s on the phase content of the end-product was system- 

tically analyzed. As a result, we suggest that MSS and SSS are 

uitable to synthesize P-containing MAX phases and As-containing 

AX phases, respectively. Meanwhile, the optimized sintering pro- 

ess of each phase was given here. Revealing the synthesis mech- 

nism of Nb 3 P 2 C, our first-principles calculations show that the 

eaction route of 2NbP + Nb + C → Nb 3 P 2 C has the lowest

ibbs energy than others, which is consistent with the experi- 

ental results. Meanwhile, the mechanism of the enhancement 

f phase content by MSS was revealed. Using the pure samples 

f Nb 3 As 2 C and Nb 3 P 2 C, with the help of DFT results, the in-

rinsic properties were systematically studied, including the elec- 

ronic structures, magneto-transport, thermo-electric properties, 

nd magnetism. Our work provides applicable routes to synthesize 

s/P-containing MAX phases, and the intrinsic physical properties 

erein are essential for future applications. 

. Experimental methods 

Molten-salt synthesis method: A two-step sintering method was 

sed to synthesize As/P-containing MAX phases. At first, high pu- 

ity M = Nb (99.9%, 200 mesh, Alfa), As (99.9%, 200 mesh, Al- 

ddin) or P (red phosphorus, 99%, 100 mesh, Aladdin), and graphite 

99.95%, 325 mesh, Aladdin) powders in a total amount of 1 g 

ere mixed in a molar ratio of 3 : 2 : 1.05 and pelletized and

hen were sealed in a silica tube (inner diameter: 19 mm, outer 

iameter: 25 mm, length: 8 cm) under a high vacuum. To avoid 

xplosion and the formation of white phosphorous which is highly 

oxic, the tubes were slowly heated to 650 °C in 12 h and kept 

intering for more than 36 h. If the sample was not pelletized or 

he heating duration at 650 °C was not long enough, the tube will 

xplode. Then heat the tube to 850 °C in 2 h, kept sintering for 

2 h, and then furnace-cooled to room temperature. The outcome 

fter the first-step sintering is NbP + Nb + C. Secondly, the out- 

ome from the first step was mixed with the salts KCl / NaCl (1 :

) in a molar ratio of 1 : 10. Loaded the mixture into a crucible

nd sealed the silica tube under a high vacuum. The alumina cru- 

ible was wrapped in graphite paper. The silica tubes were heated 

o the T s in 4 h and kept sintering for 15 h. Removing the salts by

ater washing, the end-product was obtained. 

Solid-state synthesis method: A two-step SSS method was ap- 

lied [2] , using the elemental powders of M, A, and X elements 

s starting materials. The first step is the same as the one in MSS. 

econdly, the pre-sintered samples were crushed, pelletized, and 
24
he pre-sintered sample was re-sealed in silica tubes. The samples 

ere heated to T s and kept sintering for more than 10 h, and then 

urnace-cooled to room temperature. 

Phase composition analysis: Powder X-ray diffraction (PXRD) was 

erformed at room temperature using a D8 Advance diffractome- 

er (Bruker, Germany) with a graphite monochromator with Cu- K α
adiation in a reflection mode. First, after analyzing the XRD pat- 

ern of end-products, the phase composition was qualifiedly iden- 

ified based on the PDF2-2010 database and the reported crystal 

tructure information of 321 phase [2] . Then, multi-phase Rietveld 

efinement [31–33] was applied to determine the phase content of 

ach as-identified phase by using the FULLPROF program suite [30] . 

he reliability factors of refinement results, including the weighted 

rofile R-factor ( R wp ), profile R-factor ( R p ), and goodness of fit 

GoF), were given. It should be noted that the phase content means 

he mole ratio of each phase in the end-product. 

The microstructure and chemical composition were obtained 

hrough filed mission scanning electron microscopy (FESEM) (No- 

aNano EM450, FEI, USA) equipped with an energy-dispersive 

pectrometer (EDS) (Model Link-Isis, Oxford, England). 

Selected area electron diffraction (SAED) and high-resolution 

ransmission electron microscopy (HRTEM) images of Nb 3 P 2 C were 

ollected using a JEOL JEM-2100 transmission electron microscope 

perated at 200 KeV equipped with an energy dispersion X-ray 

pectroscopy (EDS) component. 

DFT calculations: The density functional theory (DFT) calcula- 

ions were carried out by the Vienna Ab initio Simulation Pack- 

ge (VASP) [ 34 , 35 ] with the projector augmented wave (PAW) 

36] pseudopotentials and the Perdew, Burke, and Ernzerhof (PBE) 

37] for the exchange-correlation functional. The cutoff energy 

or the plane wave expansion was 500 eV, and the Brillouin 

ones were sampled by a Monkhorst–Pack [38] k -point meth 

.02 × 2 π Å 

–1 in the self-consistent calculation. A denser k -mesh 

.01 × 2 π Å 

–1 and 0.008 × 2 π Å 

–1 were applied for density of 

tates and Fermi surface, respectively. Atomic positions and lat- 

ice parameters were relaxed until all the forces were less than 

0 –3 eV Å 

–1 . The Gibbs free energy of the possible reaction routes 

as calculated by using the quasi-harmonic approximation (QHA) 

mplemented in the PHONOPY code [39] , which concludes a part 

f the anharmonic effect. The Gibbs energy ( G ) is defined as 

 ( T , p ) = min 

[
U ( V ) + F phonon ( T , V ) + pV 

]

here T is the absolute temperature, U is the internal lattice en- 
rgy, V is lattice volume, p is the pressure, and F phonon is the 
honon (Helmholtz) free energy: 

 phonon = ϕ + 

1 

2 

∑ 

q ,υ

h̄ ω ( q , υ) + k B T 
∑ 

q ,υ

ln [ 1 − exp ( −h̄ ω ( q , υ) /k B T ) ] 

here ω is the phonon frequency at q point and mode υ , h̄ 
lanck’s constant, k B Boltzmanns’s constant, ϕ the ground state en- 
rgy. 

Physical Property Characterizations: High-pressure sintering was 

sed to obtain the compacted bulk sample. Before sintering, the 

ample was pressed into a pellet ( � 6 mm × 3 mm). The 

re-pressed pellet was sealed in a gold capsule and put into a 

raphite tube furnace thereafter. High-pressure experiments were 

erformed in a DS6 × 600 T cubic-anvil-type high-pressure appa- 

atus. After sintering at 10 0 0 °C with a pressure of 5 GPa for a half-

our, the bulk sample was obtained. The phase composition of the 

elletized sample was characterized by XRD, and the pure phase 

emained. Then the sample was cut and polished into a thin plate 

4 mm × 1 mm × 200 μm). The magneto-transport, including the 

eld dependences of Hall resistance (Fig. S11 in the Supplementary 

aterial) and magnetoresistance (MR) (Fig. S13) of Nb 3 As 2 C, was 

easured on a PPMS-9T (Quantum Design) equipped with a dilu- 

ion refrigerator insert, using a six-probes measurement method. 
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Fig. 1. Phase-composition and crystal-structure characterizations of Nb 3 P 2 C prepared by MSS. (a) XRD pattern and Rietveld refinement results of as-prepared Nb 3 P 2 C sintered 

at 1200 °C. The inset is the crystal structure of 321 phases viewed from the [110] direction. (b) XRD pattern of the sample sintered at 1150 °C. The ICDD PDF cards of NbP 

(PDF#17-0882) and Nb 2 PC (PDF#21-0600) are given below the XRD pattern. The red-heart symbol indicates the characteristic Bragg peak (105) of Nb 3 P 2 C. (c) HRTEM image 

of Nb 3 P 2 C, the green atoms can be regarded as a single layer of Nb/P atoms. (d) SAED pattern of Nb 3 P 2 C collected along the < 001 > zone axis. 
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The bulk sample prepared by high-pressure sintering is 

ot large enough for thermoelectric measurements. Therefore, 

parking-plasma sintered pellets ( � 15 × 3 mm) sintered at 1200 

C for a half-hour with a pressure of 40 MPa using an SPS (SPS- 

T-5-III, Chenhua, Shanghai) were used to characterize the ther- 

oelectrical properties. The phase composition was re-checked by 

RD, and the pure phase remained. Then the sample was cut and 

olished to the size of 3 mm × 3 mm × 10 cm. A thermoelec- 

ric properties measurement system (CTA-3s, Beijing Cryoall Sci- 

nce and Technology Co.) system was used to simultaneously de- 

ermine the electrical conductivity ( σ ) and Seebeck coefficient ( S ) 

nder a low-pressure helium atmosphere from 300 K to 700 K. 

The thermal conductivity is obtained from κ = D C p d , where 

he thermal diffusivity coefficient ( D ) was measured with Linseis 

FA-10 0 0 from room temperature to 873 K, the density ( d ) was de-

ermined by using the Archimedes drainage method, and the DFT- 

alculated results (Fig. S14) of specific heat ( C p ) was used. 

The magnetic properties of Nb 3 As 2 C and Nb 3 P 2 C were mea- 

ured on a SQUID-7 T (Quantum Design) in the temperature range 

f 2–300 K, with the loaded sample mass around 15 mg. 

. Results and discussion 

.1. Synthesis of Nb 3 P 2 C 

A comparison of the end-products using different T s was stud- 

ed, including 1100, 1150, 1200, and 1250 °C. When T s = 1100 °C, 

o 321 phase was formed. When T s is increased to 1150 °C, the 

105) peak of Nb 3 P 2 C can be observed, as indicated by the red-

eart symbol in Fig. 1 (b), along with the main phases of Nb 2 PC

nd NbP. When T s is increased to 1200 °C, an almost pure phase ( >

9%) of Nb P C can be obtained, as shown in Fig. 1 (a). Compared
3 2 

25 
ith the phase content of samples prepared by the SSS method ( < 

0%), the purity is significantly promoted. The lattice parameters 

re a = b = 3.30735(6) Å and c = 18.0 6 68(4) Å in a space group

 6 3 / mmc (No. 194) with the refinement parameters R p = 5.39%, 

 wp = 8.32%, χ2 = 2.7, and GoF = 1.6. The information about the 

tomic positions and Bragg diffraction peaks are listed in Tables 

1 and S2 in the Supplementary Material, respectively. The lattice 

arameters are close to the reported values using multi-phases re- 

nement [2] . 

The crystal structure of the as-prepared Nb 3 P 2 C was checked 

y the HRTEM and SAED results [40] . The HRTEM image ( Figs. 1 (c)

nd S1) shows the hexagonal arrangement in the (001) plane. As 

hown in Fig. 1 (d), the SAED pattern can be well indexed by the 

iffraction pattern of the as-determined crystal structure collected 

long the < 001 > zone axis. The as-determined d -spacing of (100) 

s 2.868 Å, close to the Rietveld refinement results of 2.864 Å. 

Further increasing the temperature to 1250 °C, the results are 

imilar. On the other hand, due to the limited operating tempera- 

ure of quartz tubes and the etching effects of molten salts at high 

emperatures, T s is not supposed to be higher than 1300 °C. There- 

ore, we propose that the proper T s to synthesize Nb 3 P 2 C by the

SS method is in the range of 120 0–130 0 °C. 

The micro-morphology and chemical composition of the MSS- 

repared Nb 3 P 2 C was characterized. As shown in Fig. 2 (a, b). the

article size of the MSS-prepared sample is in the range of 1–30 

m, with typical hexagonal morphology. As shown in Fig. 2 (b), 

he layered and hexagonal single particle with a grain size of ∼
5 μm reveals the hexagonal and layered crystal characteristics of 

AX phases. As determined by the EDS ( Fig. 2 (c)), the chemical 

atio of Nb : P equal to 60.5 : 39.5 is close to the nominal compo-

ition. And the EDS mapping analysis demonstrates that they are 

omogeneously distributed, as shown in Fig. 2 (d, e). In contrast, 
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Fig. 2. SEM and EDS mapping results of Nb 3 P 2 C. (a, b) Micro-morphology of as-prepared Nb 3 P 2 C powder by MSS. (c) EDS result of the particle in (b). EDS mapping analysis 

of (d) Nb and (e) P. (f) Morphology of the one prepared by SSS. 
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he grain size of the SSS-prepared sample is much smaller, around 

 μm; and the particles are clustered together ( Fig. 2 (f)), in which

he boundary and the morphology of the particles are obscure. See 

ore SEM images in Fig. S2. 

.2. Formation mechanism of Nb 3 P 2 C 

To reveal the mechanism of the phase formation of Nb 3 P 2 C, 

hree chemical reaction routes as follows were considered, and dif- 

erent starting materials on the left side of each reaction route use 

 one-step sintering process with T s = 1200 °C. 

oute 1: 2NbP + Nb + C → Nb 3 P 2 C 

oute 2: 2NbP + NbC → Nb 3 P 2 C 

oute 3: Nb 2 PC + NbP → Nb 3 P 2 C 

The XRD patterns and refinement results of the end-product us- 

ng different reaction routes of SSS and MSS are shown in Fig. 3 (a,

), respectively. In the SSS scheme, the best results are given by 

oute 1, using NbP, Nb, and C as the starting materials, in which 

he phase content of Nb 3 P 2 C is up to 57.5(6)%, along with the by-

roduct of NbP (16.2(3)%), Nb 2 PC (8.9(4)%), NbC (4.1(1)%), and C 

13.3(4)%). In contrast to the relatively high phase content in Route 

, the phase content of 321 phases of Route 2 and Route 3 are

4.6(6)% and 15.5(3)%, respectively. More details about the Rietveld 
26 
efinement results are given in Figs. S3 and S4 and Tables S3 and 

4. Noted that the starting material Nb 2 PC in Route 3 was prepared 

y the MSS method (75.5%). 

Surprisingly, in the MSS scheme, the phase content is enhanced 

ignificantly in all three reaction routes as shown in Fig. 3 (c), in 

hich the comparison of phase content between MSS and SSS is 

iven. The details of the phase composition of samples in Fig. 3 (a, 

) are summarized in Tables S3 and S4. Similar to the SSS scheme, 

oute 1 is superior to the others, the phase content is up to 98%. 

n Route 2, the phase content is increased to 58(1)%, along with 

he by-product of Nb 2 PC (30.4(8)%) and NbP (11.3(5)%). Among the 

hree routes, Route 3 shows the most significant enhancement in 

hase content up to 88.7(7)%, with a slight impurity of NbP. It is 

upposed to obtain the pure phase by adjusting the chemical ratio 

ia this reaction route. 

To reveal the underlying mechanism behind reactions, we resort 

o first-principles calculations. The thermal dynamics of each reac- 

ion route were theoretically calculated. The results demonstrate 

hat the Gibbs energy change ( �G ) of all reaction routes is nega- 

ive, suggesting that all routes are thermal-dynamically favorable. 

s shown in Fig. 3 (d), in the calculated temperature range, Route 

 has a lower �G than the others. Therefore, Route 1 will take the 

rivilege thermal-dynamically. Furthermore, the theoretical results 

atch well with the results of SSS ( Fig. 3 (a)), in which Route 3 is

he hardest. Meanwhile, no obvious decline in T was found in the 

SS scheme in a comparison with the SSS scheme. Based on the 

s-calculated �G and the comparison between the yield of the tar- 
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Fig. 3. Chemical reaction routes of Nb 3 P 2 C. XRD patterns of samples prepared via different chemical reaction routes by (a) SSS and (b) MSS. The cyan curves are the Rietveld 

refinement results. (c) Phase content of 321 phases prepared by SSS and MSS. (d) Calculated Gibbs free energy change of different chemical reaction routes to synthesize 

Nb 3 P 2 C and Nb 3 As 2 C. 
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et phase using SSS/MSS via each route, we suggest that MSS per- 

ormed so well on Nb 3 P 2 C because the molten salt will facilitate 

he diffusivity of the reactants and the reactivity of the thermal- 

ynamically less-favored reaction routes, especially on the reaction 

oute of Nb 2 PC + NbP → Nb 3 P 2 C. 

.3. MSS vs SSS of As/P-containing MAX phases 

Now, we have obtained the pure phase of Nb 3 As 2 C [2] and 

b 3 P 2 C by SSS and MSS, respectively. Furthermore, we wonder 

hether the MSS is valuable to synthesize other As/P-containing 

AX phases, including Nb 2 PC, Nb 2 AsC, and Nb 3 As 2 C. Therefore, we 

pplied both SSS and MSS to them with different T s in the range 

f 10 0 0–1250 °C. To demonstrate the feasibility of each method to 

repare corresponding phases, the phase content of target prod- 

cts prepared by SSS and MSS with optimal sintering process are 

ummarized in Fig. 4 (a). 

The XRD patterns of “Nb 2 PC” prepared by SSS using different 

 s are given in Fig. S5. When T s is lower than 1050 °C, no Nb 2 PC

as detected in the end-product which was composed of Nb, C, 

nd NbP. The phase content of Nb 2 PC can reach 41.90(1)% when 

 s is ∼1150 °C with byproducts of NbP (21.40(6)%), NbC (8.43(3)%), 

 (26.10(13)%), and Nb (2.15(12)%). It should be noted that obvi- 

us impurities of unreacted Nb and C are found in the samples 

repared by SSS. However, further increasing T s will decrease the 

urity of the target material and take more impurity of Nb 3 P 2 C in

he end-product. 

The XRD patterns of Nb 2 PC prepared by MSS are shown in Fig. 

6. Similar to the SSS case, the Nb 2 PC formed when T s = 1050 °C.
27 
he phase content of samples prepared by MSS is much higher, 

nd the unreacted graphite was much reduced. When T s = 1150 

C, the phase content of Nb 2 PC reaches up to 75.4(5)%, with the 

y-products of Nb 3 P 2 C (19.1(3)%) and NbP (5.5(2)%). Meanwhile, 

he accurate lattice parameters of Nb 2 PC are obtained by Rietveld 

efinement, a = b = 3.28969(12) Å and c = 11.550 6 6(58) Å, which

re close to the reported values ( a = 3.286 Å, c = 11.56 Å) [41] . The

efined atomic positions and diffraction peaks of Nb 2 PC are listed 

n Tables S5 and S6, respectively. 

As shown in Fig. 4 (b), by further increasing the T s , the phase

ontent of Nb 3 P 2 C increases obviously, while the content of Nb 2 PC 

ecreases, see the detailed data in Fig. S6 and Table S7. When 

 s = 1250 °C, the main phases are Nb 2 PC (47(1)%) and Nb 3 P 2 C

30(1)%). At high temperatures, various chemical reactions take 

lace. The subtle competition between the phase formation of 

b 3 P 2 C and Nb 2 PC is the key to obtaining high-purity samples. 

hen T s is around 1100–1150 ºC, it is preferred to form Nb 2 PC but

ot Nb 3 P 2 C + NbP. And we suggest that the purity can be further

mproved by minor adjustments to the sintering process and the 

lemental ratio. 

The pure phase of Nb 3 As 2 C has been reported in our previous 

ork [2] with a T s of ∼1280 °C. Here, we find that almost pure

b 2 AsC can be obtained by SSS using a T s = 1100 °C, as shown in

igs. S7 and S8. When T s > 1100 °C, by-products of NbAs and NbC 

ppeared. According to the refinement results, the lattice parame- 

ers of Nb 2 AsC are a = b = 3.32093(9) Å and c = 11.92148(35) Å,

hich are close to the reported value [ 18 , 41 ]. The obtained atomic

ositions and diffraction peaks are given in Tables S8 and S9. How- 

ver, we find that the MSS method is not applicable to synthesizing 
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Fig. 4. Phase content of As/P-containing MAX phases. (a) Phase content of target 

products prepared by SSS and MSS with optimal sintering process. (b) Phase con- 

tent of Nb 2 PC and Nb 3 P 2 C in the end-product of “Nb 2 PC” using different T s by MSS. 
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s-containing MAX phases. For Nb 3 As 2 C, as shown in Fig. S9, the 

hase formation of Nb 3 As 2 C occurs when T s = 1050 °C. However, 

he phase content will not be improved obviously by increasing 

he T s . The main phases are Nb 2 AsC and NbAs with only 8.9(4)%

b 3 As 2 C. In the MSS case of Nb 2 AsC, the phase content is reduced

o 64(2)% with a T s = 1100 °C, as shown in Fig. S10. 

As demonstrated by Fig. 4 (a), herein, we can conclude that SSS 

nd MSS are suitable for preparing As-containing and P-containing 

AX phases, respectively. The molten salt [ 29 , 42–44 ] provides a 

pecial chemical environment featuring the space confinement ef- 

ect, faster mass transfer, and strong polarization force contributed 

y the ionic salts. At high temperatures, the molten salt acts as the 

olvent for reactants and provides a pool of ionized cations and an- 

ons. The solubility and the interactions between the ionized salt 

nd binary/ternary arsenide and phosphorite are different, which 

hould be responsible for the difference between the yield of As/P- 

ontaining MAX phases using MSS. 

.4. Physical properties of 321 phases 

MAX phases are famous for their outstanding electrical and 

hermal performances [ 1 , 4 ] among ceramic materials. Meanwhile, 

ome of them are reported to be superconductors [ 19 , 45–50 ]. Here,

arious characterizations of the intrinsic physical properties at both 

igh and low temperatures were applied by using the as-prepared 

ure phases of Nb 3 P 2 C and Nb 3 As 2 C. 

As shown in Fig. 5 (a), at high temperatures ( T > 50 K), the

esistivity of Nb 3 As 2 C (0.3–800 K) and Nb 3 P 2 C (2–380 K) shows

 positively linear temperature dependence, which is commonly 
28
een in metallic materials. At room temperature, the resistivity of 

b 3 As 2 C and Nb 3 P 2 C is 0.53 μ� m and 1.34 μ� m, respectively.

he conductivity of Nb 3 As 2 C is comparable with metal titanium 

nd other MAX phases [4] . The lowest measured temperature is 

.3 K, and no signal of intrinsic superconductivity was observed. 

nly a resistivity drop around 10 K was detected, which should be 

ttributed to the slight inevitable impurity of NbC with a super- 

onducting temperature around 10 K [51] . The temperature coeffi- 

ient of resistivity (TCR) is determined by a linear fit of the ρ–T 

urve at high temperatures, using the equation as follows. 

TCR = 

d ρ

d T · ρ300K 

The residual resistance ratio (RRR = R 300 K / R 10 K ) of Nb 3 As 2 C is

bout 4.48 with a TCR αTCR = 3.46(1) × 10 –3 K 

–1 . For Nb 3 P 2 C, the

RR and αTCR are smaller than those in Nb 3 As 2 C, equal to 2.44 and

.38(1) × 10 −3 K 

−1 , respectively. 

The Hall coefficient ( R H ) was determined by a linear fit of the 

eld-dependent Hall resistance R xy –H curve. As shown in Fig. S11, 

 H = d R xy /d H , is negative in the measured temperature range

uggesting the main carriers are electrons. Here, the single-band 

odel was used, in which R H = –1/ n e e, to determine the carrier 

oncentration ( n e ). n e is in the range of (1.5–4.5) × 10 22 cm 

–3 , as

hown in Fig. 5 (b), in which n = 1.67 ×10 22 cm 

–3 at 300 K. The

arrier mobility shows a similar temperature dependence. The mo- 

ility is 8.83 cm 

2 V 

–1 s –1 at 300 K, and the max value is 19.05 cm 

2 

 

–1 s –1 at 10 K. 

Meanwhile, the MR of Nb 3 As 2 C (Fig. S13) shows a linear depen- 

ence on the magnetic field, as opposed to the typical parabolic 

ehavior in MAX phases [4] . As shown in Fig. 5 (c), the MR curve

t 10 K can be well fitted linearly, even though the MR is only ∼
.1% at 9 T. The linear MR behavior should be attributed to the 

pen orbits of the Fermi surface and the averaging over orienta- 

ions of the crystallites in polycrystalline samples [52] , which will 

e discussed in the following part. 

First-principles calculations were performed to reveal the elec- 

ronic structure of 321 phases. As shown in Fig. 6 (a), The electronic 

tructure shows good metallic behavior, consistent with resistiv- 

ty measurements. The partial density of states (PDOS) in Fig. 6 (b) 

emonstrates that the states near the Fermi surface are mainly 

ontributed by the d -orbital electrons of the Nb atom. And the 

ermi surface ( Fig. 6 (c)) of Nb 3 As 2 C shows prominent quasi-two- 

imensional characteristics. In the k x –k y plane, the Fermi surface 

s mainly composed of three electron pockets at � and one hole 

ocket at L point. Moreover, some of them show open orbits be- 

avior along the k z direction, which are responsible for the ob- 

erved linear MR. The electronic structures of Nb 3 P 2 C are similar, 

s shown in Fig. S12. 

The thermoelectric properties of Nb 3 As 2 C are systematically 

tudied, as shown in Fig. 7 . A weak Seebeck effect was detected 

n the measured temperatures. The Seebeck coefficient S is neg- 

tive in the whole temperature range and its absolute value in- 

reases with the increase in temperature. The negative value of S 

ndicates that the main carriers are electrons, which matches the 

all effect results. With the temperature increasing, the Seebeck 

oefficient is enhanced from –5.2 μV/K at T = 273 K to around –8 

V/K at T = 700 K. The power factor, PF = S 2 σ , is also given in

ig. 7 (a), where σ = 1/ ρ , ρ is the resistivity, which has been given

n Fig. 5 (a). 

Total thermal conductivity, κ tot = κe + κ lat , in which κe and 

lat are the electronic and lattice contribution of thermal conduc- 

ivity, respectively. κe is estimated based on the Wiedemann–Franz 

aw, κe = L σT , where σ is electrical conductivity, T is the abso- 

ute temperature, L is the Lorentz number equal to 2.44 ×10 –8 

 K 

–2 according to the degenerate limit [54] . By subtracting the 

lectronic contribution, the lattice contribution can be obtained. As 
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Fig. 5. Magneto-transport properties of Nb 3 As 2 C and Nb 3 P 2 C. (a) Temperature-dependent resistivity of Nb 3 As 2 C (0.3–700 K) and Nb 3 P 2 C (2–380 K). (b) Temperature- 

dependent carrier concentration and mobility of Nb 3 As 2 C. (c) Field-dependent magnetoresistance of Nb 3 As 2 C at 10 K, the navy line is the linear fit results. 

Fig. 6. Electronic structure of Nb 3 As 2 C. (a) Band structures. (b) Partial density of states. (c) Fermi surface. The Fermi surface was visualized by the FermiSurfer package [53] . 

Fig. 7. Thermoelectric properties of Nb 3 As 2 C. (a) Temperature-dependent Seebeck coefficient and power factor. (b) Temperature dependence of total thermal conductivity 

( κ tot ), and the electronic contribution ( κe ) and lattice contribution ( κ lat ) of it. (c) Temperature-dependent figure of merit, ZT. 
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hown in Fig. 7 (b), the measured κ tot decreases with the temper- 

ture decreases, from 25.7 W m 

–1 K 

–1 at 292 K to 17.4 W m 

–1 

 

–1 at 876 K. It should be noted that the thermal conductivity 

ay be underestimated due to the density is only around 90%. 

he value of κe (12.92–13.86 W m 

–1 K 

–1 ) does not change sig- 

ificantly with temperature change. While κ lat decreases a lot 

ith temperature decreases, from 11.86 W m 

–1 K 

–1 to 4.52 W 

 

–1 K 

–1 . Correspondingly, the value of κ lat / κ tot declines from 
29 
6% to 26%, suggesting the decrease of the proportion of elec- 

ronic contribution in total thermal conductivity with increasing 

emperature. 

The dimensionless figure of merit, ZT = S 2 σT/ κ tot , as a function 

f temperature is shown in Fig. 7 (c). At room temperature, the ZT 

alue is almost negligible, only 6.5 × 10 –6 . As previously discussed, 

, σ , and 1/ κ tot all show a positive dependence on temperature. 

onsequently, the ZT value will increase to 7.9 × 10 –4 at 700 K. 
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Fig. 8. Magnetic properties of (a) Nb 3 As 2 C and (b) Nb 3 P 2 C. The inset of (a) is the M –H curve at 10 K. 
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As shown by the temperature-dependent magnetic susceptibil- 

ty ( χ–T ) in Fig. 8 , both paramagnetic and diamagnetic signals 

re detected in the Nb 3 As 2 C and Nb 3 P 2 C. As shown in Fig. 8 ,

he temperature-dependent susceptibility can be well fitted by the 

urrie–Weiss law χ = χ0 + C/ ( T − θCW 

) , where C is the Currie–

eiss constant, θCW 

is the Currie–Weiss temperature, and χ0 is 

 constant contributed by the diamagnetism. According to the 

urrie–Weiss fitting results, θCW 

of Nb 3 As 2 C and Nb 3 P 2 C is close to

ero, equal to –2.01(4) K and –4.75(4) K, respectively. Meanwhile, 

o obvious hysteresis was observed in the field-dependent magne- 

ization measured at 10 K, as shown in the inset of Fig. 8 (a), sup-

orting the Currie–Weiss paramagnetism in Nb 3 As 2 C. The diamag- 

etic contribution to the magnetism of Nb 3 P 2 C is stronger than 

he one in Nb 3 As 2 C, in which the susceptibility is negative when 

 > 21 K, while the critical temperature of Nb 3 As 2 C is around

01 K. 

. Conclusions 

In conclusion, the process and mechanism to synthesize Nb 3 P 2 C 

nd other As/P-containing MAX phases and the intrinsic physi- 

al properties of 321 phases, were systematically studied here. 

e demonstrated that synthesis method, reaction route, and sin- 

ering temperature are the three crucial factors to obtain their 

igh-purity phases. Using MSS, an almost pure phase (99%) of 

b 3 P 2 C can be obtained, which is significantly enhanced in con- 

rast to the limited purity ( < 66%) by SSS. Based on the experi- 

ental results and first-principles calculations, the chemical reac- 

ion route NbP + Nb + C → Nb 3 P 2 C is most applicable for the

hase formation of Nb 3 P 2 C. And the advantage of the MSS method 

s the facilitation of three possible reaction routes, especially on 

b 2 PC + NbP → Nb 3 P 2 C. Meanwhile, the feasibility of SSS and 

SS to synthesize other As/P-containing MAX phases, including 

b 3 As 2 C, Nb 2 PC, and Nb 2 AsC, were carefully checked. We found 

hat MSS is also effective in synthesizing Nb 2 PC, in which the pu- 

ity can be greatly improved to > 75% in contrast to < 30% by 

SS. However, MSS is not applicable to As-containing MAX phases, 

hich can be prepared in the pure phase by SSS. By characteriz- 

ng the intrinsic physical properties of pure Nb 3 P 2 C and Nb 3 As 2 C,

ith the help of first-principles calculations, electron-type carriers, 

egative Seebeck coefficient, and linear MR were detected, which 

ould be well explained by the electron-orbits and open-orbits in 

ermi surface. Meanwhile, well electrical and thermal conductivity, 

eak thermoelectric effect, and coexistence of Currie–Weiss para- 

agnetism and diamagnetism were demonstrated. Our work pro- 

ides a guide to synthesizing As/P-containing MAX phases, and the 
30 
ntrinsic physical properties of Nb 3 P 2 C and Nb 3 As 2 C given here are

elpful to explore the future potential applications of 321 phases. 
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