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ABSTRACT

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 NbsAs,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 NbsP,C and 75.4(5)% in Nb,PC. In contrast, MSS performed
poorly on As-containing MAX phases, only 8.9(4)% for Nb3As,C and 64(2)% for Nb,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 Nb3P,C is through NbP + Nb + C — NbsP,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,PC + NbP — Nb;P,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.

1. Introduction

Besides, as the source materials to synthesize two-dimensional
transition metal carbides (MXene) [5-8], lots of attention is fo-

MAX phases are a series of metallic ceramics with a general
chemical formula [1], M 1AXy, in which the crystal structure can
be viewed as an alternating stack of one MA-triangular-prism layer
and n MX-octahedron layers [2], n = 1-3. In the formula, M means
the transition metals, A is the main group elements, and X is C/N.
The excellent combination of thermal, electrical, and mechanical
performances makes MAX phases show promising potential on the
structural and conductive components at high temperatures [1,3,4].
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cused on these series of materials.

In recent years, the family of MAX phases has been growing
fast; more than 80 kinds of MAX phases have been experimentally
discovered [7,9-14]. In 2019, an atypical series of As/P-containing
MAX phases named 321 phases deviating the general chemical for-
mula, including Nb3As,C, Nb3P,C, TazP,C, and V3As,C, was added
to the MAX family [2], feathering in the MA-triangular-prism bi-
layer in contrast to the single-layered one in other MAX phases.
Nb3As,C was found to possess a high bulk modulus up to 225(3)
GPa [2], and excellent elastic properties were predicted [2,15].
Among four 321 phases, due to the relatively low toxicity, low den-
sity, and superior elastic performance, NbsP,C was predicted to
possess the best application prospect among all 321 phases. Until
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now, only Nb3As,C has been synthesized in the pure phase. Using
the solid-state synthesis (SSS) method, the phase content of the
end product cannot be higher than 60%. And the underlying reason
why the pure phase is hard to be obtained is still unclear. Mean-
while, As/P-containing 211 phases also show outstanding mechan-
ical and thermal properties among MAX phases [16-18]. However,
due to the lack of the high-purity Nb,PC sample, most works are
focused on Nb,AsC [16,18-20]. The pure-phase synthesis of As/P-
containing MAX phases has been the Achilles to the experimental
study of their intrinsic properties and exploration of their further
applications. Therefore, a new synthesis method is urgently needed
to obtain pure As/P-containing MAX phases.

Inspired by these, we attempt to study the pure-phase syn-
thesis, formation mechanism, and intrinsic physical properties of
As/P-containing MAX phases. Molten-salt synthesis (MSS) has been
widely used in crystal growth and chemical synthesis and proved
to be applicable to the synthesis of MAX phases [14,21-29] which
is helpful to improve the purity and reduce the sintering tem-
perature (Ts). In this work, we adopted an MSS method to syn-
thesize As/P-containing MAX phases, including NbsP,C, Nb3As,C,
Nb,PC, and Nb,AsC. Meanwhile, a comparison with the phase con-
tent of the ones prepared by the SSS method was made. The ef-
fect of T; on the phase content of the end-product was system-
atically analyzed. As a result, we suggest that MSS and SSS are
suitable to synthesize P-containing MAX phases and As-containing
MAX phases, respectively. Meanwhile, the optimized sintering pro-
cess of each phase was given here. Revealing the synthesis mech-
anism of Nb3P,C, our first-principles calculations show that the
reaction route of 2NbP + Nb + C — Nb3P,C has the lowest
Gibbs energy than others, which is consistent with the experi-
mental results. Meanwhile, the mechanism of the enhancement
of phase content by MSS was revealed. Using the pure samples
of Nb3As,C and NbsP,C, with the help of DFT results, the in-
trinsic properties were systematically studied, including the elec-
tronic structures, magneto-transport, thermo-electric properties,
and magnetism. Our work provides applicable routes to synthesize
As/P-containing MAX phases, and the intrinsic physical properties
herein are essential for future applications.

2. Experimental methods

Molten-salt synthesis method: A two-step sintering method was
used to synthesize As/P-containing MAX phases. At first, high pu-
rity M = Nb (99.9%, 200 mesh, Alfa), As (99.9%, 200 mesh, Al-
addin) or P (red phosphorus, 99%, 100 mesh, Aladdin), and graphite
(99.95%, 325 mesh, Aladdin) powders in a total amount of 1 g
were mixed in a molar ratio of 3 : 2 : 1.05 and pelletized and
then were sealed in a silica tube (inner diameter: 19 mm, outer
diameter: 25 mm, length: 8 cm) under a high vacuum. To avoid
explosion and the formation of white phosphorous which is highly
toxic, the tubes were slowly heated to 650 °C in 12 h and kept
sintering for more than 36 h. If the sample was not pelletized or
the heating duration at 650 °C was not long enough, the tube will
explode. Then heat the tube to 850 °C in 2 h, kept sintering for
12 h, and then furnace-cooled to room temperature. The outcome
after the first-step sintering is NbP + Nb + C. Secondly, the out-
come from the first step was mixed with the salts KCl / NaCl (1 :
3) in a molar ratio of 1 : 10. Loaded the mixture into a crucible
and sealed the silica tube under a high vacuum. The alumina cru-
cible was wrapped in graphite paper. The silica tubes were heated
to the Ts in 4 h and kept sintering for 15 h. Removing the salts by
water washing, the end-product was obtained.

Solid-state synthesis method: A two-step SSS method was ap-
plied [2], using the elemental powders of M, A, and X elements
as starting materials. The first step is the same as the one in MSS.
Secondly, the pre-sintered samples were crushed, pelletized, and
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the pre-sintered sample was re-sealed in silica tubes. The samples
were heated to Ts and kept sintering for more than 10 h, and then
furnace-cooled to room temperature.

Phase composition analysis: Powder X-ray diffraction (PXRD) was
performed at room temperature using a D8 Advance diffractome-
ter (Bruker, Germany) with a graphite monochromator with Cu-Ko
radiation in a reflection mode. First, after analyzing the XRD pat-
tern of end-products, the phase composition was qualifiedly iden-
tified based on the PDF2-2010 database and the reported crystal
structure information of 321 phase [2]. Then, multi-phase Rietveld
refinement [31-33] was applied to determine the phase content of
each as-identified phase by using the FULLPROF program suite [30].
The reliability factors of refinement results, including the weighted
profile R-factor (Rwp), profile R-factor (Rp), and goodness of fit
(GoF), were given. It should be noted that the phase content means
the mole ratio of each phase in the end-product.

The microstructure and chemical composition were obtained
through filed mission scanning electron microscopy (FESEM) (No-
vaNano EM450, FEI, USA) equipped with an energy-dispersive
spectrometer (EDS) (Model Link-Isis, Oxford, England).

Selected area electron diffraction (SAED) and high-resolution
transmission electron microscopy (HRTEM) images of Nb3P,C were
collected using a JEOL JEM-2100 transmission electron microscope
operated at 200 KeV equipped with an energy dispersion X-ray
spectroscopy (EDS) component.

DFT calculations: The density functional theory (DFT) calcula-
tions were carried out by the Vienna Ab initio Simulation Pack-
age (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
for the plane wave expansion was 500 eV, and the Brillouin
zones were sampled by a Monkhorst-Pack [38] k-point meth
0.02 x 27 A-! in the self-consistent calculation. A denser k-mesh
0.01 x 27 A1 and 0.008 x 27 A-! were applied for density of
states and Fermi surface, respectively. Atomic positions and lat-
tice parameters were relaxed until all the forces were less than
103 eV A-1. The Gibbs free energy of the possible reaction routes
was calculated by using the quasi-harmonic approximation (QHA)
implemented in the PHONOPY code [39], which concludes a part
of the anharmonic effect. The Gibbs energy (G) is defined as

G(T, p) = min[U (V) + Fyhonon (T, V) + PV |

where T is the absolute temperature, U is the internal lattice en-
ergy, V is lattice volume, p is the pressure, and Fpponon IS the
phonon (Helmholtz) free energy:

Foonon =9+ 3 3 o(@. ) + kT 3 In[1 — exp (~hao(q, v) /ksT)]
q.v q.v

where w is the phonon frequency at q point and mode v, h

Planck’s constant, kg Boltzmanns’s constant, ¢ the ground state en-

ergy.

Physical Property Characterizations: High-pressure sintering was
used to obtain the compacted bulk sample. Before sintering, the
sample was pressed into a pellet (® 6 mm x 3 mm). The
pre-pressed pellet was sealed in a gold capsule and put into a
graphite tube furnace thereafter. High-pressure experiments were
performed in a DS6 x 600 T cubic-anvil-type high-pressure appa-
ratus. After sintering at 1000 °C with a pressure of 5 GPa for a half-
hour, the bulk sample was obtained. The phase composition of the
pelletized sample was characterized by XRD, and the pure phase
remained. Then the sample was cut and polished into a thin plate
(4 mm x 1 mm x 200 um). The magneto-transport, including the
field dependences of Hall resistance (Fig. S11 in the Supplementary
Material) and magnetoresistance (MR) (Fig. S13) of Nb3As,C, was
measured on a PPMS-9T (Quantum Design) equipped with a dilu-
tion refrigerator insert, using a six-probes measurement method.
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Fig. 1. Phase-composition and crystal-structure characterizations of Nb3P,C prepared by MSS. (a) XRD pattern and Rietveld refinement results of as-prepared Nb3P,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,PC (PDF#21-0600) are given below the XRD pattern. The red-heart symbol indicates the characteristic Bragg peak (105) of NbsP,C. (c) HRTEM image
of Nb3P,C, the green atoms can be regarded as a single layer of Nb/P atoms. (d) SAED pattern of Nb;P,C collected along the <001> zone axis.

The bulk sample prepared by high-pressure sintering is
not large enough for thermoelectric measurements. Therefore,
sparking-plasma sintered pellets (& 15 x 3 mm) sintered at 1200
°C for a half-hour with a pressure of 40 MPa using an SPS (SPS-
5T-5-1lI, Chenhua, Shanghai) were used to characterize the ther-
moelectrical properties. The phase composition was re-checked by
XRD, and the pure phase remained. Then the sample was cut and
polished to the size of 3 mm x 3 mm x 10 cm. A thermoelec-
tric properties measurement system (CTA-3s, Beijing Cryoall Sci-
ence and Technology Co.) system was used to simultaneously de-
termine the electrical conductivity (o) and Seebeck coefficient (S)
under a low-pressure helium atmosphere from 300 K to 700 K.

The thermal conductivity is obtained from x = D Cpd, where
the thermal diffusivity coefficient (D) was measured with Linseis
LFA-1000 from room temperature to 873 K, the density (d) was de-
termined by using the Archimedes drainage method, and the DFT-
calculated results (Fig. S14) of specific heat () was used.

The magnetic properties of Nb3As,C and Nb3P,C were mea-
sured on a SQUID-7 T (Quantum Design) in the temperature range
of 2-300 K, with the loaded sample mass around 15 mg.

3. Results and discussion
3.1. Synthesis of Nb3P,C

A comparison of the end-products using different Ts was stud-
ied, including 1100, 1150, 1200, and 1250 °C. When Ts = 1100 °C,
no 321 phase was formed. When T; is increased to 1150 °C, the
(105) peak of NbsP,C can be observed, as indicated by the red-
heart symbol in Fig. 1(b), along with the main phases of Nb,PC
and NbP. When T is increased to 1200 °C, an almost pure phase (>
99%) of Nb3P,C can be obtained, as shown in Fig. 1(a). Compared
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with the phase content of samples prepared by the SSS method (<
60%), the purity is significantly promoted. The lattice parameters
are a = b = 3.30735(6) A and ¢ = 18.0668(4) A in a space group
P65/mmc (No. 194) with the refinement parameters R, = 5.39%,
Rwp = 8.32%, x% = 2.7, and GoF = 1.6. The information about the
atomic positions and Bragg diffraction peaks are listed in Tables
S1 and S2 in the Supplementary Material, respectively. The lattice
parameters are close to the reported values using multi-phases re-
finement [2].

The crystal structure of the as-prepared NbsP,C was checked
by the HRTEM and SAED results [40]. The HRTEM image (Figs. 1(c)
and S1) shows the hexagonal arrangement in the (001) plane. As
shown in Fig. 1(d), the SAED pattern can be well indexed by the
diffraction pattern of the as-determined crystal structure collected
along the <001> zone axis. The as-determined d-spacing of (100)
is 2.868 A, close to the Rietveld refinement results of 2.864 A.

Further increasing the temperature to 1250 °C, the results are
similar. On the other hand, due to the limited operating tempera-
ture of quartz tubes and the etching effects of molten salts at high
temperatures, Ts is not supposed to be higher than 1300 °C. There-
fore, we propose that the proper Ts to synthesize Nb;P,C by the
MSS method is in the range of 1200-1300 °C.

The micro-morphology and chemical composition of the MSS-
prepared Nb3P,C was characterized. As shown in Fig. 2(a, b). the
particle size of the MSS-prepared sample is in the range of 1-30
pum, with typical hexagonal morphology. As shown in Fig. 2(b),
the layered and hexagonal single particle with a grain size of ~
25 pum reveals the hexagonal and layered crystal characteristics of
MAX phases. As determined by the EDS (Fig. 2(c)), the chemical
ratio of Nb : P equal to 60.5 : 39.5 is close to the nominal compo-
sition. And the EDS mapping analysis demonstrates that they are
homogeneously distributed, as shown in Fig. 2(d, e). In contrast,
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Fig. 2. SEM and EDS mapping results of Nb3P,C. (a, b) Micro-morphology of as-prepared Nb;P,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.

the grain size of the SSS-prepared sample is much smaller, around
1 pum; and the particles are clustered together (Fig. 2(f)), in which
the boundary and the morphology of the particles are obscure. See
more SEM images in Fig. S2.

3.2. Formation mechanism of Nb3P,C

To reveal the mechanism of the phase formation of NbsP,C,
three chemical reaction routes as follows were considered, and dif-
ferent starting materials on the left side of each reaction route use
a one-step sintering process with Ts = 1200 °C.

Route 1: 2NbP + Nb + C — Nbs3P,C
Route 2: 2NbP + NbC — NbsP,C
Route 3: Nb,PC + NbP — NbsP,C

The XRD patterns and refinement results of the end-product us-
ing different reaction routes of SSS and MSS are shown in Fig. 3(a,
b), respectively. In the SSS scheme, the best results are given by
Route 1, using NbP, Nb, and C as the starting materials, in which
the phase content of Nb3P,C is up to 57.5(6)%, along with the by-
product of NbP (16.2(3)%), Nb,PC (8.9(4)%), NbC (4.1(1)%), and C
(13.3(4)%). In contrast to the relatively high phase content in Route
1, the phase content of 321 phases of Route 2 and Route 3 are
24.6(6)% and 15.5(3)%, respectively. More details about the Rietveld
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refinement results are given in Figs. S3 and S4 and Tables S3 and
S4. Noted that the starting material Nb,PC in Route 3 was prepared
by the MSS method (75.5%).

Surprisingly, in the MSS scheme, the phase content is enhanced
significantly in all three reaction routes as shown in Fig. 3(c), in
which the comparison of phase content between MSS and SSS is
given. The details of the phase composition of samples in Fig. 3(a,
b) are summarized in Tables S3 and S4. Similar to the SSS scheme,
Route 1 is superior to the others, the phase content is up to 98%.
In Route 2, the phase content is increased to 58(1)%, along with
the by-product of Nb,PC (30.4(8)%) and NbP (11.3(5)%). Among the
three routes, Route 3 shows the most significant enhancement in
phase content up to 88.7(7)%, with a slight impurity of NbP. It is
supposed to obtain the pure phase by adjusting the chemical ratio
via this reaction route.

To reveal the underlying mechanism behind reactions, we resort
to first-principles calculations. The thermal dynamics of each reac-
tion route were theoretically calculated. The results demonstrate
that the Gibbs energy change (AG) of all reaction routes is nega-
tive, suggesting that all routes are thermal-dynamically favorable.
As shown in Fig. 3(d), in the calculated temperature range, Route
1 has a lower AG than the others. Therefore, Route 1 will take the
privilege thermal-dynamically. Furthermore, the theoretical results
match well with the results of SSS (Fig. 3(a)), in which Route 3 is
the hardest. Meanwhile, no obvious decline in T was found in the
MSS scheme in a comparison with the SSS scheme. Based on the
as-calculated AG and the comparison between the yield of the tar-
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Fig. 3. Chemical reaction routes of Nb;P,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

NbsP,C and Nbs3As,C.

get phase using SSS/MSS via each route, we suggest that MSS per-
formed so well on Nb3P,C because the molten salt will facilitate
the diffusivity of the reactants and the reactivity of the thermal-
dynamically less-favored reaction routes, especially on the reaction
route of Nb,PC + NbP — Nb3P,C.

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

Now, we have obtained the pure phase of Nbs3As,C [2] and
Nb3P,C by SSS and MSS, respectively. Furthermore, we wonder
whether the MSS is valuable to synthesize other As/P-containing
MAX phases, including Nb,PC, Nb,AsC, and Nb3As,C. Therefore, we
applied both SSS and MSS to them with different Ts in the range
of 1000-1250 °C. To demonstrate the feasibility of each method to
prepare corresponding phases, the phase content of target prod-
ucts prepared by SSS and MSS with optimal sintering process are
summarized in Fig. 4(a).

The XRD patterns of “Nb,PC” prepared by SSS using different
Ts are given in Fig. S5. When Ts is lower than 1050 °C, no Nb,PC
was detected in the end-product which was composed of Nb, C,
and NbP. The phase content of Nb,PC can reach 41.90(1)% when
Ts is ~1150 °C with byproducts of NbP (21.40(6)%), NbC (8.43(3)%),
C (26.10(13)%), and Nb (2.15(12)%). It should be noted that obvi-
ous impurities of unreacted Nb and C are found in the samples
prepared by SSS. However, further increasing Ts will decrease the
purity of the target material and take more impurity of Nb3P,C in
the end-product.

The XRD patterns of Nb,PC prepared by MSS are shown in Fig.
S6. Similar to the SSS case, the Nb,PC formed when T; = 1050 °C.
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The phase content of samples prepared by MSS is much higher,
and the unreacted graphite was much reduced. When Ty = 1150
°C, the phase content of Nb,PC reaches up to 75.4(5)%, with the
by-products of Nb3P,C (19.1(3)%) and NbP (5.5(2)%). Meanwshile,
the accurate lattice parameters of Nb,PC are obtained by Rietveld
refinement, a = b = 3.28969(12) A and ¢ = 11.55066(58) A, which
are close to the reported values (a = 3.286 A, c = 11.56 A) [41]. The
refined atomic positions and diffraction peaks of Nb,PC are listed
in Tables S5 and S6, respectively.

As shown in Fig. 4(b), by further increasing the Ts, the phase
content of Nb3P,C increases obviously, while the content of Nb,PC
decreases, see the detailed data in Fig. S6 and Table S7. When
Ts = 1250 °C, the main phases are Nb,PC (47(1)%) and Nb3P,C
(30(1)%). At high temperatures, various chemical reactions take
place. The subtle competition between the phase formation of
Nb3P,C and Nb,PC is the key to obtaining high-purity samples.
When T; is around 1100-1150 ©C, it is preferred to form Nb,PC but
not Nb3P,C + NbP. And we suggest that the purity can be further
improved by minor adjustments to the sintering process and the
elemental ratio.

The pure phase of Nb3As,C has been reported in our previous
work [2] with a Ts of ~1280 °C. Here, we find that almost pure
Nb,AsC can be obtained by SSS using a Ts = 1100 °C, as shown in
Figs. S7 and S8. When Ts > 1100 °C, by-products of NbAs and NbC
appeared. According to the refinement results, the lattice parame-
ters of Nb,AsC are a = b = 3.32093(9) A and ¢ = 11.92148(35) A,
which are close to the reported value [18,41]. The obtained atomic
positions and diffraction peaks are given in Tables S8 and S9. How-
ever, we find that the MSS method is not applicable to synthesizing
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As-containing MAX phases. For Nb3As,C, as shown in Fig. S9, the
phase formation of Nb3As,C occurs when Ts = 1050 °C. However,
the phase content will not be improved obviously by increasing
the Ts. The main phases are Nb,AsC and NbAs with only 8.9(4)%
Nb3As,C. In the MSS case of Nb,AsC, the phase content is reduced
to 64(2)% with a T = 1100 °C, as shown in Fig. S10.

As demonstrated by Fig. 4(a), herein, we can conclude that SSS
and MSS are suitable for preparing As-containing and P-containing
MAX phases, respectively. The molten salt [29,42-44] provides a
special chemical environment featuring the space confinement ef-
fect, faster mass transfer, and strong polarization force contributed
by the ionic salts. At high temperatures, the molten salt acts as the
solvent for reactants and provides a pool of ionized cations and an-
ions. The solubility and the interactions between the ionized salt
and binary/ternary arsenide and phosphorite are different, which
should be responsible for the difference between the yield of As/P-
containing MAX phases using MSS.

3.4. Physical properties of 321 phases

MAX phases are famous for their outstanding electrical and
thermal performances [1,4] among ceramic materials. Meanwhile,
some of them are reported to be superconductors [19,45-50]. Here,
various characterizations of the intrinsic physical properties at both
high and low temperatures were applied by using the as-prepared
pure phases of Nb3P,C and NbsAs,C.

As shown in Fig. 5(a), at high temperatures (T > 50 K), the
resistivity of Nb3As,C (0.3-800 K) and NbsP,C (2-380 K) shows
a positively linear temperature dependence, which is commonly
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seen in metallic materials. At room temperature, the resistivity of
Nb3As,C and NbsP,C is 0.53 ©2 m and 1.34 ;2 m, respectively.
The conductivity of Nb3As,C is comparable with metal titanium
and other MAX phases [4]. The lowest measured temperature is
0.3 K, and no signal of intrinsic superconductivity was observed.
Only a resistivity drop around 10 K was detected, which should be
attributed to the slight inevitable impurity of NbC with a super-
conducting temperature around 10 K [51]. The temperature coeffi-
cient of resistivity (TCR) is determined by a linear fit of the p-T
curve at high temperatures, using the equation as follows.

dp
dT - p3g0k

The residual resistance ratio (RRR = R3gg k/R1g k) of Nb3As,C is
about 4.48 with a TCR aqeg = 3.46(1) x 1073 K-1. For Nb3P,C, the
RRR and ocg are smaller than those in Nb3As,C, equal to 2.44 and
2.38(1) x 103 K1, respectively.

The Hall coefficient (Ry) was determined by a linear fit of the
field-dependent Hall resistance Ryy,—H curve. As shown in Fig. S11,
Ry = dRyy/dH, is negative in the measured temperature range
suggesting the main carriers are electrons. Here, the single-band
model was used, in which Ry = -1/nee, to determine the carrier
concentration (11e). ne is in the range of (1.5-4.5) x 1022 cm~3, as
shown in Fig. 5(b), in which n = 1.67 x10%2 cm~3 at 300 K. The
carrier mobility shows a similar temperature dependence. The mo-
bility is 8.83 cm? V-1 s~ at 300 K, and the max value is 19.05 cm?
v-1s1at10 K

Meanwhile, the MR of Nb3As,C (Fig. S13) shows a linear depen-
dence on the magnetic field, as opposed to the typical parabolic
behavior in MAX phases [4]. As shown in Fig. 5(c), the MR curve
at 10 K can be well fitted linearly, even though the MR is only ~
0.1% at 9 T. The linear MR behavior should be attributed to the
open orbits of the Fermi surface and the averaging over orienta-
tions of the crystallites in polycrystalline samples [52], which will
be discussed in the following part.

First-principles calculations were performed to reveal the elec-
tronic structure of 321 phases. As shown in Fig. 6(a), The electronic
structure shows good metallic behavior, consistent with resistiv-
ity measurements. The partial density of states (PDOS) in Fig. 6(b)
demonstrates that the states near the Fermi surface are mainly
contributed by the d-orbital electrons of the Nb atom. And the
Fermi surface (Fig. 6(c)) of Nb3As,C shows prominent quasi-two-
dimensional characteristics. In the kx-ky, plane, the Fermi surface
is mainly composed of three electron pockets at I" and one hole
pocket at L point. Moreover, some of them show open orbits be-
havior along the k, direction, which are responsible for the ob-
served linear MR. The electronic structures of Nb3P,C are similar,
as shown in Fig. S12.

The thermoelectric properties of Nb3As,C are systematically
studied, as shown in Fig. 7. A weak Seebeck effect was detected
in the measured temperatures. The Seebeck coefficient S is neg-
ative in the whole temperature range and its absolute value in-
creases with the increase in temperature. The negative value of S
indicates that the main carriers are electrons, which matches the
Hall effect results. With the temperature increasing, the Seebeck
coefficient is enhanced from -5.2 uV/K at T = 273 K to around -8
WV/K at T = 700 K. The power factor, PF = S?0, is also given in
Fig. 7(a), where o = 1/p, p is the resistivity, which has been given
in Fig. 5(a).

Total thermal conductivity, Ktot = Ke + Kz, in Which ke and
K1a¢ are the electronic and lattice contribution of thermal conduc-
tivity, respectively. k. is estimated based on the Wiedemann-Franz
law,ke = Lo T, where o is electrical conductivity, T is the abso-
lute temperature, L is the Lorentz number equal to 2.44 x10-8
W K2 according to the degenerate limit [54]. By subtracting the
electronic contribution, the lattice contribution can be obtained. As

QTCR =
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Fig. 5. Magneto-transport properties of Nb3As,C and NbsP,C. (a) Temperature-dependent resistivity of Nb3As,C (0.3-700 K) and Nb;P,C (2-380 K). (b) Temperature-
dependent carrier concentration and mobility of Nb3As,C. (c) Field-dependent magnetoresistance of Nb3As,C at 10 K, the navy line is the linear fit results.
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Fig. 7. Thermoelectric properties of NbsAs,C. (a) Temperature-dependent Seebeck coefficient and power factor. (b) Temperature dependence of total thermal conductivity
(ktwt), and the electronic contribution (k) and lattice contribution (k) of it. (c) Temperature-dependent figure of merit, ZT.

shown in Fig. 7(b), the measured x decreases with the temper-
ature decreases, from 25.7 W m™! K1 at 292 K to 174 W m™!
K-1 at 876 K. It should be noted that the thermal conductivity
may be underestimated due to the density is only around 90%.
The value of k. (12.92-13.86 W m~! K-!) does not change sig-
nificantly with temperature change. While «;; decreases a lot
with temperature decreases, from 11.86 W m™! K1 to 452 W
m~! K-!. Correspondingly, the value of ks | Kot declines from
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46% to 26%, suggesting the decrease of the proportion of elec-
tronic contribution in total thermal conductivity with increasing
temperature.

The dimensionless figure of merit, ZT = S20 T/k o, as a function
of temperature is shown in Fig. 7(c). At room temperature, the ZT
value is almost negligible, only 6.5 x 1075, As previously discussed,
S, 0, and 1/k all show a positive dependence on temperature.
Consequently, the ZT value will increase to 7.9 x 104 at 700 K.



H. Chen, S. Li, J. Deng et al.

Journal of Materials Science & Technology 133 (2023) 23-31

(a) & NbjAs,C (b) v NbsP,C
— 1D Currie-Weiss Fit] __ 6 Currie-Weiss Fit
(O] [0]

o (@)

= =

o) o 4

E® E

S =]

5 52

o * 5

o o

hah T o

x 0 =

50 100 150 200 250 300
T (K)

) 50 100 150 200 250 300
T (K)

0

Fig. 8. Magnetic properties of (a) Nb3As,C and (b) Nb3P,C. The inset of (a) is the M-H curve at 10 K.

As shown by the temperature-dependent magnetic susceptibil-
ity (x-T) in Fig. 8, both paramagnetic and diamagnetic signals
are detected in the Nb3As,C and Nb3P,C. As shown in Fig. 8,
the temperature-dependent susceptibility can be well fitted by the
Currie-Weiss law x = xo +C/(T — Ocw), where C is the Currie-
Weiss constant, Ocy is the Currie-Weiss temperature, and o is
a constant contributed by the diamagnetism. According to the
Currie-Weiss fitting results, 6w of Nb3As,C and Nb3P,C is close to
zero, equal to -2.01(4) K and -4.75(4) K, respectively. Meanwshile,
no obvious hysteresis was observed in the field-dependent magne-
tization measured at 10 K, as shown in the inset of Fig. 8(a), sup-
porting the Currie-Weiss paramagnetism in Nb3As,C. The diamag-
netic contribution to the magnetism of Nb3P,C is stronger than
the one in Nb3As,C, in which the susceptibility is negative when
T > 21 K, while the critical temperature of Nb3As,C is around
101 K.

4. Conclusions

In conclusion, the process and mechanism to synthesize Nb3P,C
and other As/P-containing MAX phases and the intrinsic physi-
cal properties of 321 phases, were systematically studied here.
We demonstrated that synthesis method, reaction route, and sin-
tering temperature are the three crucial factors to obtain their
high-purity phases. Using MSS, an almost pure phase (99%) of
Nb3P,C can be obtained, which is significantly enhanced in con-
trast to the limited purity (< 66%) by SSS. Based on the experi-
mental results and first-principles calculations, the chemical reac-
tion route NbP + Nb + C — Nb3P,C is most applicable for the
phase formation of Nb3P,C. And the advantage of the MSS method
is the facilitation of three possible reaction routes, especially on
Nb,PC + NbP — NbsP,C. Meanwhile, the feasibility of SSS and
MSS to synthesize other As/P-containing MAX phases, including
Nb3As,C, Nb,PC, and Nb,AsC, were carefully checked. We found
that MSS is also effective in synthesizing Nb,PC, in which the pu-
rity can be greatly improved to > 75% in contrast to < 30% by
SSS. However, MSS is not applicable to As-containing MAX phases,
which can be prepared in the pure phase by SSS. By characteriz-
ing the intrinsic physical properties of pure Nb3P,C and NbsAs,C,
with the help of first-principles calculations, electron-type carriers,
negative Seebeck coefficient, and linear MR were detected, which
could be well explained by the electron-orbits and open-orbits in
Fermi surface. Meanwhile, well electrical and thermal conductivity,
weak thermoelectric effect, and coexistence of Currie-Weiss para-
magnetism and diamagnetism were demonstrated. Our work pro-
vides a guide to synthesizing As/P-containing MAX phases, and the
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intrinsic physical properties of Nb3P,C and NbsAs,C given here are
helpful to explore the future potential applications of 321 phases.
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