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ABSTRACT  The opt cal response, l th um dop ng, and charge 
transfer  n three Sn-based ex st ng M3SnC2 MAX phases w th 
electron local zat on funct on (ELF) were  nvest gated us ng 
dens ty funct onal theory (DFT). Opt cal calculat ons show a 
sl ght opt cal an sotropy  n the spectra of d ferent opt cal 
parameters  n some energy ranges of the  nc dent photons. The 
peak he ght  s mostly sl ghtly h gher for the polar zat on ⟨001⟩. The 
h ghest peak sh fts toward h gher energy when the M-element T   s 
replaced by Zr and then by Hf. Opt cal conduct v ty, refract ve 
 ndex, ext nct on coefc ent, and d electr c funct ons reveal the 
metall c nature of T 3SnC2, Zr3SnC2, and Hf3SnC2. The plasma 
frequenc es of these mater als are very s m lar for two d ferent 
polar zat ons and are 12.97, 13.56, and 14.46 eV, respect vely. The format on energ es of L -doped Zr3SnC2 and Hf3SnC2 are 
cons derably lower than those of the r L -doped 211 MAX phase counterparts Zr2SnC and Hf2SnC. Cons stently, the format on 
energy of L -doped T 3SnC2  s lower than that of the correspond ng 2D MXene T 3C2, wh ch  s a prom s ng photothermal mater al. 
The Bader charge  s h gher  n magn tude than the Mull ken and H rschfeld charges. The h ghest charge transfer occurs  n Zr3SnC2 
and the lowest charge transfer occurs  n T 3SnC2. ELF reveals that the bonds between carbon and metal  ons are strongly local zed, 
whereas  n the case of Sn and metal  ons, there  s less local zat on wh ch  s  nterpreted as a weak bond. 

1. INTRODUCTION 

MAX phases represent a fam ly of ternary carb des, n tr des, 
and more recently bor des w th the chem cal formula Mn+1AXn 

(n 1, 2, 3).1 In the r chem cal formulas, M  s an early 
trans t on metal (Sc, Lu, T , V, Zr, Nb, Mo, Hf, Ta, Cr, and 
Mn), A  s an A-group element (Al, Ga, In, Tl, S , Ge, Sn, Pb, P, 
As, S, Se, and Te) or now any late trans t on metal (Fe, Cd, Zn, 
Ir, Cu, and Au), and X  s C, N, or B.1−3 Depend ng on the 
layer  ndex n, the MAX phases are class fed  nto several sub-
fam l es, such as M2AX (211), M3AX2 (312), and M4AX3 

(413) phases for n 1, 2, and 3, respect vely.4 Th s fam ly of 
compounds crystall zes  n the hexagonal space group (no. 194) 
and cons sts of hexagonal Mn+1Xn layers and planar A-atom c 
sheets along the c-d rect on.5 Atoms  n Mn+1Xn layers are 
covalently bonded, and these layers have a ceram c nature, 
whereas A-atom c sheets are metall c  n nature. These metall c 
and ceram c layers and sheets alternately stack along the c-ax s, 
and th s arrangement  s the key for the MAX phases’ unusual 
comb nat on of metall c and ceram c character st cs.6 As the 
layer  ndex n  ncreases, the ceram c layers  n the un t cell of 
MAX phases are more numerous than the metall c sheets. In 
fact, a metall c sheet  s separated by (n + 1) ceram c layers as  n 
the 211 MAX phases (n 1), a metall c sheet  s separated by 

two ceram c layers. The metall c propert es possessed by MAX 
phases are electr cal and thermal conduct v ty, relat ve duct l ty 
and easy mach nab l ty, and res stance to thermal shock, 
damage tolerance, and plast c behav or at h gh temperatures.4 

The ceram c propert es that MAX phases possess are ox dat on 
res stance, extreme refractor ness, elast c st fness, low dens ty, 
and good corros on res stance.5 

MAX-phases have become very attract ve mater als for 
var ous technolog cal and eng neer ng appl cat ons due to the 
comb nat on of the above-ment oned propert es. MAX phases 
have a w de range of appl cat ons, such as h gh-temperature 
operat onal mater als, porous exhaust gas flters for automo-
b les, bond-coat layers  n thermal barr er coat ng (TBC) 
systems, heat exchangers, coat ngs for electr cal contacts, 
potent al acc dent tolerant fuel cladd ngs  n th rd-generat on 
l ght-water reactors, heat ng elements, wear- and corros on-
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protect ve surface coat ngs, and solar rece ver and storage tank 
 n concentrated solar power un ts. Add t onally, they have 
potent al uses as electrodes, res stors, capac tors, b ocompat ble 
mater als, rotary electr cal equ pment contacts, nozzles, and 
tools for d e press ng and  mpact-res stant mater als such as 
project le-proof armors.4,7−11 In recent t mes, MAX phases 
have become prevalent for use  n nuclear reactors as neutron 
rad at on-res stant mater als.12 MAX phases have become 
popular  n the product on of the r 2D der vat ve “MXene” 
for use as energy storage mater als and electrodes  n m cro-
supercapac tors, electrochem cal capac tors, and batter es.13 

Zhao et al.14 determ ned the  nterest ng electrochem cal 
performance of Nb2SnC  n L - on electrolytes, wh ch has 
sparked great  nterest  n the sc ent fc commun ty for Sn-
conta n ng MAX phases. Follow ng th s report, two Sn-based 
MAX phases were synthes zed, and l th at on  n the Sn-based 
211 MAX phases was performed theoret cally.15−17 Moreover, 
a set of theoret cal stud es have reported d ferent phys cal 
propert es of Sn-based MAX phases. The structural, electron c, 
mechan cal and latt ce dynam cal propert es of Sc2SnC, 
 nclud ng defect processes,  n compar son to those of ex st ng 
M2SnC MAX phases are reported  n a recent study.5 In 
another study, the V2SnC MAX phase was pred cted as a 
chem cally stable, damage- and rad at on-tolerant thermal 
barr er coat ng (TBC) mater al.18 The electron c structure, 
bond ng nature, and defect processes  n Sn-based 211 MAX 
phases T 2SnC, Nb2SnC, Hf2SnC, Zr2SnC, and Lu2SnC were 
reported  n 2019.19 The mechan cal behav or, latt ce thermal 
conduct v ty, and v brat onal propert es of the Lu2SnC MAX 
phase have also been  nvest gated.20 

The 211 MAX fam ly has a comparat vely large number of 
Sn-based compounds, and more stud es have been conducted 
on them. Conversely, there are only three Sn-based 
compounds  n the 312 MAX fam ly, and research conducted 
on them  s also relat vely less. T 3SnC2  s the frst Sn-conta n ng 
compound  n the 312 MAX phase fam ly, synthes zed  n 
2007.21 Zr3SnC2 and Hf3SnC2 were frst pred cted  n 2014 and 
synthes zed  n 2017.22 A notable comprehens ve theoret cal 
work on three Sn-based compounds of the 312 MAX fam ly 
was publ shed  n 2018.23 Th s work  ncluded the mechan cal, 
thermal, and electron c propert es along w th defect processes 
and theoret cal V ckers hardness. The electron local zat on 
funct on (ELF), charge transfer, and opt cal response have not 
been extens vely d scussed for the Sn-based 312 MAX phases. 
Here, we a m to  nvest gate these propert es along w th the 
format on energy of L -doped systems us ng dens ty funct onal 
theory (DFT). 

2. COMPUTATIONAL APPROACHES 
The CASTEP code24 was the ma n DFT tool  n th s study. The 
Perdew−Burke−Ernzerhof (PBE) funct onal w th n the 
general zed grad ent approx mat on (GGA)25 was appl ed to 
evaluate the electron c exchange correlat on potent al. 
Generally, sp n-polar zat on calculat ons us ng DFT + U need 
to be cons dered for compounds conta n ng trans t on metals. 
All MAX phases conta n trans t on metals. But, for MAX 
phases,  t has been establ shed that sp n-polar zat on 
calculat on  s essent al only for phases conta n ng Mn, Cr, 
N , or Fe. These MAX phases are known as magnet c MAX 
phases. Prev ously, we calculated the sp n-polar zed band 
structure of Nb2CuC and found no efect.26 Therefore, here we 
avo ded the sp n-polar zat on based DFT + U calculat ons. The 
Vanderb lt type ultrasoft pseudopotent al27 was p cked to 

model the  nteract on between the electron and the  on core. A 
Γ-centered k-po nt mesh of a 17 × 17 × 2 gr d under the 
Monkhorst−Pack (MP) scheme28 was used to  ntegrate over 
the frst Br llou n zone  n the rec procal space of a hexagonal 
un t cell of the compounds stud ed here. A plane-wave cutof 
energy of 700 eV was appl ed  n th s study to expand the 
e genfunct ons of the valence and nearly valence electrons of 
atoms compr s ng the systems. The Broyden−Fletcher− 
Goldfarb−Shanno (BFGS) algor thm29 was appl ed to 
m n m ze the total energy as well as the  nternal forces to 
opt m ze the geometry. The convergence tolerance for the total 
energy  s set to 5 × 10−6 eV/atom, the max mum  on c 
Hellmann−Feynman force to 0.01 eV/Å, the max mum  on c 
d splacement to 5 × 10−4 Å, and the max mum stress to 0.02 
GPa. A supercell of 3 × 3 × 1 s ze w th 108 atoms was 
constructed for each phase for the calculat on of format on 
energy of L -doped systems, and the geometry of supercells 
was opt m zed us ng a plane-wave bas s set cut-of energy of 
450 eV and a Γ-centered k-po nt mesh of 3 × 3 × 2-gr d  n the 
MP scheme. ELF and Bader charge analys s were performed 
w th the VASP code30 under the opt m zat on cond t ons used 
for opt cal and other calculat ons. 

3. RESULTS AND DISCUSSIONS 
3.1. Optica  Properties. The  nteract on of a photon w th 

an electron  n a crystall ne system can be descr bed cons der ng 
the t me dependent perturbat ons of the ground state 
electron c states of the system. Now, CASTEP ofers two 
methods for calculat ng opt cal propert es; the frst one  s based 
on standard DFT Kohn−Sham orb tals and the other one  s 
grounded on t me-dependent DFT (TD-DFT) theory, wh ch 
 s more accurate but much more computat onally  ntens ve. 
Here, we performed standard DFT opt cal calculat ons. In th s 
method the exc ted states are treated as unoccup ed Kohn− 
Sham states. The trans t on between occup ed and unoccup ed 
states  s caused by the photon’s electr c feld (the efect of the 
magnet c feld  s weakened by a factor of v/c). When these 
exc tat ons are comb ned they are called plasmons, wh ch are 
most eas ly observed by electrons pass ng rap dly through the 
system rather than photons, because transverse photons cannot 
exc te long tud nal plasmons. Conversely,  f the trans t ons are 
 ndependent they are known as s ngle part cle exc tat ons. The 
spectra ar s ng from these exc tat ons can be assumed to be the 
jo nt dens ty of states between the valence and conduct on 
bands, modeled by accurate matr x elements, as g ven by the 
select on rules assoc ated w th opt cal trans t ons. 

Ow ng to the hexagonal crystal symmetry of the MAX 
compounds, the polar zat on d rect on ⟨100⟩ of the  nc dent 
photon  s at r ght angles to the d rect on of the assoc ated 
electr c feld, and the polar zat on d rect on ⟨001⟩  s parallel to 
the crystallograph c c-ax s. As MAX mater als are part ally 
metall c, the r  ntraband trans t ons have a momentous efect  n 
the lower energy part ( .e., far  nfrared reg on) of the 
spectrum.31,32 CASTEP does not  nclude  ntraband trans t ons 
by default to d rectly probe the opt cal propert es of  nsulators 
and sem conductors. When calculat ng the opt cal propert es of 
metall c compounds us ng CASTEP, the  ntraband contr bu-
t on to the opt cal propert es  s ensured by  nclud ng a sem -
emp r cal Drude term  n the opt cal conduct v ty through the 
plasma frequency ωp and the damp ng parameter γD. The 
Drude damp ng parameter accounts for the spectral broad-
en ng as a result of electron−electron scatter ng ( nclud ng the 
Auger process), electron-phonon scatter ng and electron-defect 
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scatter ng. Usually, the plasma frequency, ωp ranges from 2 to 
10 eV and the Drude damp ng coefc ent, γD var es from 0.02 
to 0.08 eV for metall c crystals. For part ally metall c MAX and 
MAX-l ke compounds, good results are obta ned when the 
plasma frequency  s chosen close to 3 and 0.05 eV  s used as 
the Drude damp ng parameter.31−33 In th s calculat on, we 
therefore used 3 and 0.05 eV as the plasma frequency and 
Drude damp ng, respect vely. Furthermore,  n all opt cal 
property calculat ons we used 0.5 eV as Gauss an smear ng 
for the metall c Sn-based 312 MAX phases. 

The frequency-dependent complex d electr c funct on, ε(ω) 
ε1(ω) +  ε2(ω), cons st ng of a real, ε1(ω), and an  mag nary 

part, ε2(ω),  s a lead ng opt cal parameter. Among the two 
parts, the  mag nary part, ε2(ω), leads to the calculat on of the 
other opt cal parameters and can be expressed as 

= | | · | |e E E Eu r( )
2

( )
k v c

k
c

k
v

k
c

k
v

2

2

0 , ,

2

(1) 

where ω refers to the photon frequency, e denotes the 
electron c charge,   defnes the un t cell volume, u  s the un t 
vector parallel to the polar zat on d rect on of the  nc dent 
electr c feld, and ψk 

c and ψk 
v stand for the wave funct ons l nked 

to the conduct on and valence band electrons at a spec fc k, 
respect vely. The express ons for other opt cal funct ons such 
as refect v ty, refract ve  ndex, opt cal conduct v ty, absorpt on 
coefc ent, and energy loss funct on can be der ved from ε2(ω) 
and these express ons are ava lable  n the l terature.17,34 All 
opt cal parameters of Sn-based 312 MAX phases are calculated 
us ng convent onal un t cells for photon energ es up to 20 eV. 

F gure 1a shows the opt cal absorpt on coefc ent α(ω) as a 
funct on of photon energy. The upper panel exh b ts α(ω) for 
the polar zat on ⟨100⟩ and the lower panel for the polar zat on 
⟨001⟩. Absorpt on coefc ent α(ω)  s a measure of how far 
l ght of a spec fc wavelength w ll penetrate a mater al before  t 
 s completely absorbed. It also del vers  nformat on about 
opt mal solar energy convers on efc ency. Notably, stat c 
absorpt on coefc ents represent un versal non-zero values for 
the M3SnC2 MAX phases stud ed here, as  n other metall c 
hexagonal systems.17,35,36 The spectral features are sl ghtly 
d ferent for the two d ferent polar zat ons and the peak 

he ghts are sl ghtly h gher for the polar zat on ⟨001⟩. Up to 2.5 
eV, the absorpt on rates for all three Sn-based 312 MAX phases 
are the same for both polar zat ons. Between 2.5 and 4.5 eV of 
photon energy, the absorpt on rate  s the h ghest for T 3SnC2 
and lowest for Hf3SnC2. The h ghest peak sh fts toward h gher 
energ es when the M-element T   s replaced by Zr and then by 
Hf. Above photon energ es 6.1 and 5.3 eV, the absorpt on rates 
of l ght for Hf3SnC2 are the h ghest for the polar zat ons ⟨100⟩ 
and ⟨001⟩, respect vely. In the energy range between 13.8 and 
15.5 eV, the absorpt on rates of the three Sn-based MAX 
phases drop to zero for both polar zat ons. 

F gure 1b shows the opt cal conduct v ty σ(ω) of three Sn-
based 312 MAX phases as a funct on of  nc dent photon 
energy. The upper panel exh b ts σ(ω) for the polar zat on 
⟨100⟩ and the lower panel for the polar zat on ⟨001⟩. Opt cal 
conduct v ty of a mater al  s an essent al opt cal parameter that 
 nd cates  ts electr cal conduct v ty  n the presence of an 
alternat ng electr c feld. Th s parameter  s aga n a good 
pred ctor of the photoconduct v ty of a mater al.37 A sharp 
peak  n the spectra of opt cal conduct v ty due to both 
polar zat on d rect ons  n the reg on near the zero frequency 
(energy)  nd cates the metall c conduct v ty of the M3SnC2 
MAX phases. As the photon energy  ncreases, the opt cal 
conduct v ty spectrum sh fts from the base of the sharp peak to 
another broad peak. The order of he ght of these broad peaks 
for the polar zat on ⟨100⟩ follows the order of T , Zr, and Hf  n 
the per od c table. The oppos te trend  s observed for the 
polar zat on ⟨001⟩. In the latt ce of MAX phases, the d rect on 
[100]  mpl es the basal  b planes, wh le the d rect on [001] 
 nd cates the d rect on perpend cular to the basal planes. The 
carr er veloc ty  n the basal plane  s h gher than that along the 
d rect on perpend cular to the basal plane. As the opt cal 
propert es ma nly depend on the electron c structure of the 
compound, the d ference  n carr er veloc ty  n d ferent 
d rect ons may be the reason for opt cal an sotropy  n the 
MAX phases under study. These peaks sh ft toward h gher 
energ es when the M-element T   s replaced by Zr and then by 
Hf for both the polar zat ons. None of the compounds  n the 
M3SnC2 fam ly exh b t opt cal conduct v ty above 15 eV of 
photon energy. 

Figure 1. Opt cal propert es of three Sn-based 312 MAX phases: (a) absorpt on coefc ent, (b) opt cal conduct v ty, (c) real part of the d electr c 
funct on, and (d)  mag nary part of the d electr c funct on. The upper panels are for the polar zat on ⟨100⟩ and the lower panels are for the 
polar zat on ⟨001⟩. 
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F gure 1c exh b ts the real part, ε1(ω), of the d electr c 
funct on as a funct on of photon energy. The upper panel 
reveals ε1(ω) for the polar zat on ⟨100⟩ and the lower panel, 
for the polar zat on ⟨001⟩. The real part, ε1(ω), of the 
d electr c funct on represents the ab l ty of the mater al to store 
electr cal energy (electron c polar zab l ty) or to allow an 
electr c feld to pass through  t. In both panels, the large 
negat ve value of ε1(ω)  n the low energy part of each 
spectrum reveals the Dru d-l ke behav or of the Sn-based 312 
MAX phases. Aga n, the real part ε1(ω) moves from negat ve 
to zero,  nd cat ng the metall c nature of these MAX 
compounds. The non-zero value of ε1(ω)  nd cates the 
poss b l ty of large ava lab l ty of free charge carr ers  n these 
metall c systems. For the polar zat on ⟨100⟩, all spectra reach 
the r max mum peaks  n the range of 0.75−0.89 eV of  nc dent 
photon energy (refer to the  nset of the fgure). W th n the 
above ment oned range of photon energ es, the spectrum for 
T 3SnC2 touches  ts h ghest peak at the lowest energy, and the 
spectrum for Hf3SnC2 arr ves at the h ghest peak at the h ghest 
energy. The peak he ght  s h gher for Hf3SnC2 and lower for 
T 3SnC2. Spectral peak features are fa rly d ferent for the 
polar zat on ⟨001⟩. For th s polar zat on, the h ghest peaks l e 
between 0.92 and 1.00 eV of  nc dent photon energy (refer to 
the  nset of the fgure). The h ghest peak  s seen for T 3SnC2 
and the lowest peak, for Hf3SnC2. The spectra of ε1(ω) for 
both polar zat ons  n the range of photon energ es from 1.96 to 
12.96 eV reveal negat ve values. The negat ve part of the real 
component of the d electr c constant s mply states that the 
d splacement feld D lags beh nd the electr c feld E due to the 
 nert a of the electrons. Mater als w th a negat ve value of 
ε1(ω) are of great technolog cal  mportance for many 
appl cat ons, such as perfect (super) lens m crowave c rcu ts, 
antenna elements, opt cal sw tches and modulators. They 
essent ally enable access to parts of the electromagnet c 
spectrum where convent onal mater als do not respond. 
Therefore, the three Sn-based 312 MAX phases stud ed here 
can be employed  n these appl cat ons  n a w de range of the 
solar spectrum (1.96 to 12.96 eV). 

F gure 1d represents the  mag nary part ε2(ω) of the 
d electr c funct on for the polar zat on ⟨100⟩ (upper panel) 
and ⟨001⟩ (lower panel). The part ε2(ω)  s assoc ated w th 

d electr c loss and  s always pos t ve and character zes the loss 
factor or energy absorbed by a mater al per  ts un t volume. It 
actually  nd cates the ohm c res stance of the mater al. It also 
descr bes the ab l ty of a mater al to endur ngly absorb energy 
from a t me-vary ng electr c feld. It approaches zero from 
above (pos t ve value) for both polar zat ons,  nd cat ng the 
metall c nature of the Sn-based 312 MAX phases stud ed here. 
The spectra due to ε2(ω) exh b t a d st nct an sotrop c nature 
 n the opt cal propert es of MAX phases under cons derat on  n 
the photon energy range of 1.2−6.3 eV. A mater al w th a h gh 
 mag nary part of the d electr c constant absorbs a lot of 
electromagnet c energy. 

F gure 2a shows the opt cal energy loss funct on L(ω) of the 
three Sn-based 312 MAX phases for the polar zat on d rect ons
⟨100⟩ (upper panel) and ⟨001⟩ (lower panel). Th s opt cal 
parameter descr bes the amount of energy loss of a fast 
electron travers ng through a mater al. It correlates  nversely 
w th the  mag nary part of the d electr c funct on. In F gure 1d, 
the  mag nary part of the d electr c funct on shows a broad 
spectrum for each polar zat on w th n the energy range from 0 
to 10 eV, wh le the loss funct on exh b ts no spectrum w th n 
th s range. Th s  mpl es that the electron passes through the 
mater al w th the least energy loss, and the mater al shows 
max mum opt cal conduct v ty. A large peak due to plasma 
osc llat ons occurs  n each spectrum of the energy loss funct on 
 n the energy range of 10−16 eV for both polar zat ons. The 
m dpo nt of th s peak can be ass gned to a character st c 
frequency, wh ch  s known as the bulk plasma frequency 
assoc ated w th each compound. The plasma frequenc es of 
T 3SnC2, Zr3SnC2, and Hf3SnC2 are almost the same for the 
two d ferent polar zat ons, and they are 12.97, 13.56, and 
14.46 eV, respect vely. 

F gure 2b shows the opt cal refect v ty of the three MAX 
compounds under study for the two polar zat on d rect ons 
⟨100⟩ (upper panel) and ⟨001⟩ (lower panel). It  s an 
 mportant opt cal parameter that  s related to other opt cal 
funct ons and prov des  nformat on about the electron c 
structure of mater als. For both polar zat ons  t can be seen 
that the max mum (about 98%) l ght  s refected when the 
photon  s  nc dent w th lower energy (frequency). H gh 
refectance of l ght at low frequenc es (w th low photon 

Figure 2. Opt cal propert es of the three Sn-based 312 MAX phases: (a) energy loss funct on, (b) opt cal refect v ty, (c) refract ve  ndex, and (d) 
ext nct on coefc ent. The upper panels are for the polar zat on ⟨100⟩ and the lower panels are for the polar zat on ⟨001⟩. 
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energy)  nd cates h gh conduct v ty and low absorpt v ty of the 
stud ed mater als. Then the refect v ty decreases abruptly w th 
 ncreas ng photon energy and rema ns fa rly constant  n the 
photon energy range of 0.56−3.54 eV. Th s range of photon 
energ es  ncludes the v s ble l ght range (VLR) of 1.8−3.1 eV. 
The average refect v ty  n the VLR for T 3SnC2, Zr3SnC2, and 
Hf3SnC2 for the polar zat on ⟨100⟩  s 53.6, 51.8, and 51.6%, 
respect vely, wh le for the polar zat on ⟨001⟩ these values are 
51.0, 49.2, and 48.0%, respect vely. A mater al should have a 
refect v ty greater than 44% to be a coat ng mater al.32 The 
stud ed compounds can be used as coat ng mater als to reduce 
solar heat ng. Cons der ng the average for both polar zat ons, 
the opt cal refect v ty  s the h ghest for T 3SnC2 and lowest for 
Hf3SnC2  n the VLR. The refect v ty of the three Sn-based 312 
MAX phases reduces when T   s replaced by Zr and then by Hf 
from the T 3SnC2 sto ch ometry. From the h gher energy edge 
of VLR (2.48−3.31 eV) the refect v ty  ncreases rap dly up to 
7.41−9.15 eV for all three phases for the polar zat on ⟨100⟩. 
For the polar zat on ⟨001⟩, outs de the h gher energy range of 
the VLR, the refect v ty  ncreases rap dly from the photon 
energy of 3.36−4.24 to 7.31−9.76 eV. At h gher photon 
energ es, the bound electrons of the metal atom beg n to 
respond to l ght rather than s mply  nteract ng w th the valence 
band electrons. As a result, Drude’s approach then tends to 
dev ate. Depend ng on the propert es of the mater al, th s leads 
to a decrease  n refect v ty. The refect v ty decays fast at a 
d st nct ve frequency, known as the mater al’s plasma 
frequency. The opt cal an sotropy  n refect v ty  s sl ghtly 
pronounced for T 3SnC2 and very negl g ble for Hf3SnC2. 

F gure 2c shows the real part of the refract ve  ndex n(ω), 
shortly known as the refract ve  ndex; the upper panel for the 
polar zat on ⟨100⟩ and the lower panel for the polar zat on 
⟨100⟩. It  s an  mportant opt cal property of a mater al, 
 nd cat ng the phase veloc ty when the electromagnet c waves 
propagate through the mater al. The spectra due to n(ω) for 
the two d ferent polar zat ons for each of the Sn-based 312 
MAX phases show no s gn fcant s gns  n the an sotrop c nature 
 n the opt cal propert es. The large stat c value (∼84) of n(0) 
s gn fes the metall c nature of the three stud ed MAX phases. 
The h gher the refract ve  ndex, the slower l ght travels through 
the med um, the more the l ght bends, and ult mately�the 
more efc ent the refract on. 

F gure 2d exh b ts the ext nct on coefc ent k(ω), the 
 mag nary part of the refract ve  ndex, the upper panel for the 
polar zat on ⟨100⟩ and the lower panel for the polar zat on 
⟨100⟩. It descr bes the attenuat on of electromagnet c waves 
through a mater al and determ nes how  ntensely the mater al 
absorbs rad at on at a spec fc wavelength per mass dens ty or 
per molar concentrat on. It  s related to the mater al’s 
conduct ve propert es. A very large value of k(ω)  s ass gned 
to a metall c mater al, whereas a very small value of k(ω)  s 
assoc ated w th a sem conductor mater al. On the other hand, 
d electr c mater als are essent ally non-conductors w th a k(ω) 
value of zero. A large stat c value of k(0)  nd cates metall c 
conduct v ty of the Sn-based 312 MAX phases under study. A 
sl ghtly an sotrop c nature  s observed  n the v s ble l ght reg on 
and on both s des of  t. 

3.2. Lithium Doping. For L -conta n ng systems  n the 
m n mum energy  nterst t al pos t on  n the Sn-based 312 MAX 
phases, the format on energy, ΔH, upon add t on of L  atoms 
to the system can be determ ned us ng the equat on g ven 
below 

=H E E

xE

(Li doped system) (pristine system)

(Li)

where E(L -doped system) and E(pr st ne system) represent 
the total energy of the system after and before l th um dop ng, 
respect vely, and x  s the number of L  atoms used as the 
 nterst t al. In our case, x 1. L kew se, E(L )  s the total 
energy assoc ated w th a s ngle L  atom. To determ ne the total 
energy of a L  atom, a body-centered cub c cell of a L  crystal  s 
constructed and then  ts geometry  s relaxed. The obta ned 
total energy  s d v ded by the number of L  atoms w th n the 
cell for fnd ng the total energy of a s ngle L  atom. Table 1 l sts 

the format on energy of L -doped Sn-based 312 MAX phases 
under cons derat on, and F gure 3 shows the r structures. From 
Table 1,  t  s clearly  nferred that the L -dop ng  n the Sn-based 
312 MAX phases stud ed here  s endotherm c as the format on 
energy ΔH  s greater than 0.5 eV ( n the case x 1), s gn fy ng 
structural  nstab l ty.38 A Zr-based structure has a much lower 
format on energy compared to T - and Hf-based structures, for 
the reason that the electrostat c repuls on between Zr and L   s 
weaker than that between T  and L  and between Hf and L . 
Moreover, the format on energ es of L -doped Zr3SnC2 and 
Hf3SnC2 are lower than those of the r L -doped 211 MAX 
phase counterparts Zr2SnC and Hf2SnC. The format on energy 
of L -doped T 3SnC2  s lower than that of the correspond ng 
2D MXene T 3C2, wh ch  s an efect ve l ght-to-heat convers on 
mater al. In a recent paper,  t  s pred cted on the bas s of L  
 ons up taken by pr st ne MAX phases by reduc ng the r 
part cle s ze to a subm crometer scale by ultrason c treatment 
that there are reasons to bel eve that many of the MAX phases 
have great potent al to be next-generat on anode mater als, 
replac ng graph te, t n, or s l con as h gh-rate electrodes for L -
 on capac tors.39 It  s reasonable to bel eve that  t  s poss ble to 
s gn fcantly  mprove the electrochem cal performance of MAX 
phases by further reduc ng the part cle s ze and eng neer ng the 
structure and compos t on of the mater als.39 

3.3. Charge Transfer. The amount of charge transfer 
between atoms of a compound can g ve a clear p cture of the 
degree of  on c ty of that compound. MAX phases are a fam ly 
of ternary compounds hav ng a m xture of chem cal bond ng of 
 on c, covalent and metall c. For th s type of compounds the 
study of charge transfer between atoms  s  mportant to 

Table 1. Formation Energy of Li-Doped Sn-Based 312 MAX 
Phases and Other Systems 

compounds format on energy (eV) references 

T 3SnC2 2.93 th s work, calc. 
Zr3SnC2 1.66 th s work, calc. 
Hf3SnC2 1.95 th s work, calc. 
T 2SnC 2.83 l terature17 

Zr2SnC 1.76 l terature17 

Hf2SnC 2.10 l terature17 

Lu2SnC 0.36 l terature17 

Nb2SnC 2.26 l terature17 

V2SnC 2.80 l terature17 

Sc2SnC 0.94 l terature17 

Zr2C 0.30 l terature38 

T 2C 2.26 l terature40 

T 3C2 4.40 l terature41 

V2C 0.96 l terature42 

Sc2C 0.31 l terature43 
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quant fy the level of  on c ty  n these compounds. Here we 
used the Mull ken and Bader methods to analyze the charge 
transfer  n Sn-based 312 MAX phases. The Mull ken method 
g ves the Mull ken charge as well as the H rschfeld charge, 
wh le the Bader method g ves the Bader charge. Unl ke the 
local bas s based Mull ken method, the Bader method uses 
only a spat al grad ent of charge dens ty to analyze the charge 
dens ty of each atom. Accord ng to the Bader techn que, the 
charge dens ty  s spread out  n space and separated  nto reg ons 
around the atom. These reg ons, known as Bader reg ons or 
volumes, are defned by a 2D surface on wh ch the charge 
dens ty  s a m n mum perpend cular to the surface. More 
prec sely, along these surfaces the electron dens ty grad ent 
that  s perpend cular to the surfaces, has no component . 
Usually  n molecular systems, the charge dens ty reaches  ts 
m n mum at a po nt between the atoms and th s po nt  s a 
natural po nt of separat on of the atoms from each other. A 
good est mate of the total electron c charge of the 
correspond ng atom  s obta ned from the charge enclosed 
w th n the Bader volume. The charge d str but on serves as a 
useful tool for determ n ng the mult pole moments of 
 nteract ng atoms or molecules. Bader’s analys s can also be 
used to determ ne the hardness of an atom, wh ch helps 
measure the cost of remov ng charge from that atom. Bader 
charge and Bader volume are shown  n Table 2 along w th 
Mull ken and H rschfeld charges. 

The charges  n the table are the d ferences  n the number of 
valence electrons, and these values have been calculated us ng 
d ferent techn ques for each of the Sn-based 312 MAX 

compounds. The values obta ned from the Bader techn que 
and the values obta ned from the Mull ken analys s are usually 
not  dent cal. Among the values  n the table, those that are 
pos t ve  nd cate the transfer of electrons from the atom and 
those that are negat ve  nd cate the acceptance of electrons by 
the atom. In the results obta ned by the Bader method, only 
the M-atom transfers  ts charge to both the Sn and C atoms. 
Accord ng to the results obta ned from the Mull ken method, 
 n the case of Hf3SnC2, the M-atom along w th the Sn-atom 
part c pates  n charge transfer, and  n th s system, only the C 
atom accepts charge. Otherw se,  n the case of H rshfeld 
charge, the M-atom of T 3SnC2 and Zr3SnC2 as well as the Sn 
atom also part c pate  n charge transfer, and  n these systems, 
only the C atom accepts charge. The Sn atom of Hf3SnC2 plays 
a neutral role,  .e.,  t does not play any role  n charge 
acceptance and transfer. Bader charge has a h gher magn tude 
than Mull ken and H rschfeld charges. Although Mull ken 
charge analys s  s w dely used, Bader charge analys s  s more 
acceptable than Mull ken and H rschfeld charge analys s 
because  t  s based on a stronger theoret cal foundat on. In 
relat on to Bader analys s, max mum charge transfer takes place 
between atoms of Zr3SnC2 and m n mum charge transfer 
comes to pass between atoms of T 3SnC2. 

3.4. E ectron Loca ization Function. We calculate the 
ELF, wh ch was  ntroduced by Becke and Edgcombe44 as a 
d mens onless  nd cator of electron local zat on. It  s related to 
the electron probab l ty dens ty of a same-sp n electron pa r 
and ranges between 0 and 1. It prov des add t onal  nformat on 
on the strength and locat on of the bonds. Reg ons that 
demonstrate h gh ELF values (near un ty) are reg ons w th 
h gh electron local zat on, whereas lower values (approach ng 
0.5) correspond to lower local zat on. An ELF at 0.5 
corresponds to full delocal zat on, s m lar to that of an electron 
gas, wh le lower values than that ex st  n areas where there  s 
m n mal concentrat on of electron dens ty.45,46 

In F gure 4, the calculated ELF maps for the [001] and 
[100] planes are shown. Also, the [011] surface has been 
plotted  n F gure 5  n order to v sual ze the area around the 
carbon atoms. Add t onal 3D maps are shown  n F gure 6. The 
reg ons around the metal  ons and the carbon cores show 
h gher electron local zat on, w th typ cal c rcular doma ns 
(character st c of the electron shells). The bonds between 
carbon and metal  ons are expected to be strongly local zed. 
Th s  s  n agreement w th the calculated ELF maps wh ch show 
a comb nat on of h ghly local zed reg ons surrounded by low 
local zat on (blue−red areas), whereas  n the case of Sn and 
metal (yellow−green areas), there  s smaller local zat on that  s 

Figure 3. L th um  ncorporat on  n 3 × 3 × 1 supercells of M3SnC2 MAX phases. 

Table 2. Mulliken, Hirshfeld, and Bader Charges (in |e|) and 
Bader Volume (in Å3) 

compounds elements 
Mull ken 
charge 

H rshfeld 
charge 

Bader 
charge 

Bader 
volume 

T 3SnC2 T 1 0.67 0.25 0.9929 10.97 
T 2 0.44 0.16 0.8246 12.96 
Sn −0.11 0.07 −0.3844 23.23 
C −0.72 −0.32 −1.1290 10.20 

Zr3SnC2 Zr1 0.77 0.28 1.1631 15.63 
Zr2 0.45 0.18 0.9220 18.19 
Sn −0.09 0.04 −0.4294 25.32 
C −0.79 −0.33 −1.2888 10.74 

Hf3SnC2 Hf1 0.79 0.27 1.1095 15.04 
Hf2 0.33 0.18 0.8512 17.74 
Sn 0.31 0.00 −0.3879 24.20 
C −0.87 −0.32 −1.2120 10.21 
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 nterpreted as a weaker bond. D ferences among the d ferent 
M3SnC2 structures are related to the core rad us and the 
number of electron shells. However, the ELF method should 
be used w th caut on when appl ed to trans t on metal atoms. 
For trans t on metal atoms, the ELF d splays very low values 
that are always lower than 0.5, as shown  n F gure 6 (for the 
 sosurface n 0.5).44 

4. CONCLUSIONS 
In summary, DFT was employed for the frst t me to 
comprehens vely  nvest gate the opt cal response, L -dop ng 
and charge transfer  n Sn-based 312 M3SnC2 MAX phases w th 
ELF. The spectral character st cs are sl ghtly d ferent for the 
two d ferent polar zat on d rect ons of  nc dent l ght, and the 
peak he ght  s mostly sl ghtly h gher for the polar zat on ⟨001⟩. 
The h ghest peak due to l ght absorpt on sh fts toward h gher 
energy when the M-element T   s replaced by Zr and then by 
Hf. Above photon energ es of 6.1 and 5.3 eV, the absorpt on 
rates of l ght for Hf3SnC2 are h ghest for the polar zat ons 
⟨100⟩ and ⟨001⟩, respect vely. A sharp peak  n the opt cal 
conduct v ty spectra due to both polar zat ons  n the reg on 
near zero frequency (energy) spec fes the metall c con-
duct v ty of the M3SnC2 MAX phases. The large negat ve 
values of ε1(ω)  n the low energy part of each spectrum reveal 

the Drude-l ke behav or of the Sn-based 312 MAX phases. 
Aga n, the real part ε1(ω) goes from negat ve to zero, 
 nd cat ng the metall c nature of these MAX compounds. The 
non-zero value of ε1(ω)  nd cates the poss b l ty of large 
ava lab l ty of free charge carr ers  n these metall c systems. A 
large peak due to plasma osc llat ons occurs  n each spectrum 
of the energy loss funct on and the plasma frequenc es of 
T 3SnC2, Zr3SnC2, and Hf3SnC2 are almost the same for the 
two d ferent polar zat ons, and they are 12.97, 13.56, and 
14.46 eV, respect vely. The average refect v ty for the three 
MAX phases under study  s sufc ent for them to be a coat ng 
mater al to reduce solar heat ng. The large stat c values of n 
and k  nd cate the metall c conduct v ty of these compounds. A 
sl ght opt cal an sotropy  s v s ble  n the spectra due to d ferent 
opt cal parameters  n some energy ranges of the  nc dent 
photons. The format on energ es of L -doped Zr3SnC2 and 
Hf3SnC2 are lower than those of the r L -doped 211 MAX 
phase counterparts Zr2SnC and Hf2SnC. The format on energy 
of L -doped T 3SnC2  s lower than that of the correspond ng 
2D MXene T 3C2, wh ch  s a prom s ng photothermal mater al. 
Bader charge  s h gher  n magn tude than Mull ken and 
H rschfeld charges. Accord ng to Bader analys s, max mum 
charge transfer occurs  n Zr3SnC2 and m n mum charge 
transfer occurs  n T 3SnC2. ELF reveals that the bonds between 
carbon and metal  ons are strongly local zed, whereas  n the 
case of Sn and metal  ons, there  s smaller local zat on that  s 
 nterpreted as a weaker bond. 

■ AUTHOR INFORMATION 
Corresponding Author 

Md. Abdu  Hadi − Dep rtment of Physics, University of 
R jsh hi, R jsh hi 6205, B ngl desh; Dep rtment of 
Physics, N zipur Government College, N og on 6540, 

Figure 4. ELF maps for the [001] (top) and [100] (bottom) planes 
for the M3SnC2 phases. 

Figure 5. ELF maps along the [011] plane for three M3SnC2 phases. 

Figure 6. 3D ELF maps w th n 0.0 (upper panels) and n 0.5 
(lower panels) for the three M3SnC2 MAX phases. 

ACS Omega http://pubs.acs.org/journa /acsodf Article 

https://doi.org/10.1021/acsomega.3c03 45 
ACS Ome a 2023, 8, 25 01−25 09 

25607 

= = 

= 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md.+Abdul+Hadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


B ngl desh; orc d.org/0000-0001-8096-1677; 
Ema l: had pab@gma l.com 

Authors 
Nico as Ke aidis − Institute of N noscience  nd 
N notechnology (INN), N tion l Center for Scientifc 
Rese rch ‘Demokritos’, Athens 15310, Greece; Theoretic l 
 nd Physic l Chemistry Institute, N tion l Hellenic Rese rch 
Found tion, Athens GR-11635, Greece 

Stavros-Richard G. Christopou os − Dep rtment of 
Computer Science, School of Computing  nd Engineering, 
University of Huddersfeld, Huddersfeld HD4 6DJ, U.K.; 
Centre for Comput tion l Science  nd M them tic l 
Modelling, Coventry University, Coventry CV1 2TU, U.K.; 

orc d.org/0000-0002-8468-2998 
A exander Chroneos − Dep rtment of Electric l  nd 
Computer Engineering, University of Thess ly, Volos 38221, 
Greece; Dep rtment of M teri ls, Imperi l College, London 
SW7 2AZ, U.K. 

Sa eh Hasan Naqib − Dep rtment of Physics, University of 
R jsh hi, R jsh hi 6205, B ngl desh 

A. K. M. Azharu  Is am − Dep rtment of Physics, University of 
R jsh hi, R jsh hi 6205, B ngl desh; Intern tion l Isl mic 
University Chitt gong, Chitt gong 4318, B ngl desh 

Complete contact  nformat on  s ava lable at: 
https://pubs.acs.org/10.1021/acsomega.3c03645 

Notes 
The authors declare no compet ng fnanc al  nterest. 

■ ACKNOWLEDGMENTS 
The authors w sh to acknowledge the H gh-Performance 
Comput ng (HPC) fac l ty at Coventry Un vers ty, Pr ory 
Street, Coventry CV1 5FB, UK, and the Inst tute of 
Nanosc ence and Nanotechnology (INN), Nat onal Center 
for Sc ent fc Research ’Demokr tos’, 15310 Ag a Paraskev , 
Athens, Greece, for prov d ng the computat onal fac l ty to 
calculate the l th at on and ELF  n the M3SnC2 MAX phase. 

■ REFERENCES 
(1) Had , M. A. Superconduct ng phases  n a remarkable class of 

metall c ceram cs. J. Phys. Chem. Solids 2020, 138, 109275. 
(2) Had , M. A.; Ahmed, I.; Al , M. A.; Hossa n, M. M.; Nas r, M. T.; 

Al , M. L.; Naq b, S. H.; Islam, A. K. M. A. A comparat ve DFT 
explorat on on M- and A-s te double trans t on metal MAX phase, 
T 3ZnC2. Open Cer m. 2022, 12, 100308. 
(3) L , Y.; L ang, J.; D ng, H.; Lu, J.; Mu, X.; Yan, P.; Zhang, X.;

Chen, K.; L , M.; Persson, P. O. Å.; Hultman, L.; Eklund, P.; Du, S.; 
Yang, H.; Cha , Z.; Huang, Q. Near-room temperature ferromagnet c 
behav or of s ngle-atom-th ck 2D  ron  n nanolam nated ternary MAX 
phases. Appl. Phys. Rev. 2021, 8, 031418. 
(4) Barsoum, M. W. The MN + 1AXN Phases: A New Class of Sol ds; 

Thermodynam cally Stable Nanolam nates. Prog. Solid St te Chem. 
2000, 28, 201−281. 
(5) Had , M. A.; Chr stopoulos, S.-R. G.; Chroneos, A.; Naq b, S. H.; 

Islam, A. K. M. A. DFT  ns ghts  nto the electron c structure, 
mechan cal behav our, latt ce dynam cs and defect processes  n the 
f rst Sc-based MAX phase Sc2SnC. Sci. Rep. 2022, 12, 14037. 
(6) Zapata-Solvas, E.; Had , M. A.; Horla t, D.; Parf tt, D. C.; 

Th baud, A.; Chroneos, A.; Lee, W. E. Synthes s and phys cal 
propert es of (Zr1 x,T x)3AlC2 MAX phases. J. Am. Cer m. Soc. 2017, 
100, 3393−3401. 
(7) Mo, Y.; Rul s, P.; Ch ng, W. Y. Electron c structure and opt cal 

conduct v t es of 20 MAX-phase compounds. Phys. Rev. B: Condens. 
M tter M ter. Phys. 2012, 86, 165122. 

(8) Nappé, J. C.; Grosseau, Ph.; Audubert, F.; Gu lhot, B.; Beauvy, 
M.; Benabdesselam, M.; Monnet, I. Damages  nduced by heavy  ons 
 n t tan um s l con carb de: Effects of nuclear and electron c 
 nteract ons at room temperature. J. Nucl. M ter. 2009, 385, 304−307. 
(9) Meng, F.; Chaffron, L.; Zhou, Y. Synthes s of T 3S C2 by h gh 

energy ball m ll ng and react ve s nter ng from T , S , and C elements. 
J. Nucl. M ter. 2009, 386−388, 647−649. 
(10) Wang, J.; Zhou, Y. Recent Progress  n Theoret cal Pred ct on, 

Preparat on, and Character zat on of Layered Ternary Trans t on-
Metal Carb des. Annu. Rev. M ter. Res. 2009, 39, 415−443. 
(11) Eklund, P.; Beckers, M.; Jansson, U.; Högberg, H.; Hultman, L. 

The Mn + 1AXn phases: Mater als sc ence and th n-f lm process ng. 
Thin Solid Films 2010, 518, 1851−1878. 
(12) Tallman, D. J.; He, L.; Gan, J.; Casp , E. N.; Hoffman, E. N.; 

Barsoum, M. W. Effects of neutron  rrad at on of T 3S C2 and T 3AlC2 

 n the 121−1085 C temperature range. J. Nucl. M ter. 2017, 484, 
120−134. 
(13) Shuck, C. E.; Gogots , Y. MXenes: A Tunable Fam ly of 2D 

Carb des and N tr des w th D verse Appl cat ons. M ter. M tters 2020, 
15, 3. 
(14) Zhao, S.; Dall’Agnese, Y.; Chu, X.; Zhao, X.; Gogots , Y.; Gao, 

Y. Electrochem cal Interact on of Sn-Conta n ng MAX Phase 
(Nb2SnC) w th L -Ions. ACS Energy Lett. 2019, 4, 2452−2457. 
(15) Xu, Q.; Zhou, Y.; Zhang, H.; J ang, A.; Tao, Q.; Lu, J.; Rosén, 

J.; N u, Y.; Grasso, S.; Hu, C. Theoret cal pred ct on, synthes s, and 
crystal structure determ nat on of new MAX phase compound V2SnC. 
J. Adv. Cer m. 2020, 9, 481−492. 
(16) L , Y.; Q n, Y.; Chen, K.; Chen, L.; Zhang, X.; D ng, H.; L , M.; 

Zhang, Y.; Du, S.; Cha , Z.; Huang, Q. Molten Salt Synthes s of 
Nanolam nated Sc2SnC MAX Phase. J. Inorg. M ter. 2021, 36, 773. 
(17) Had , M. A.; Kela d s, N.; F l ppatos, P. P.; Chr stopoulos, S.-R. 

G.; Chroneos, A.; Naq b, S. H.; Islam, A. K. M. A. Opt cal response, 
l th at on and charge transfer  n Sn-based 211 MAX phases w th 
electron local zat on funct on. J. M ter. Res. Technol. 2022, 18, 2470− 
2479. 
(18) Had , M. A.; Dahlqv st, M.; Chr stopoulos, S.-R. G.; Naq b, S. 

H.; Chroneos, A.; Islam, A. K. M. A. Chem cally stable new MAX 
phase V2SnC: a damage and rad at on tolerant TBC mater al. RSC 
Adv. 2020, 10, 43783−43798. 
(19) Had , M. A.; Kela d s, N.; Naq b, S. H.; Chroneos, A.; Islam, A. 

K. M. A. Electron c structures, bond ng natures and defect processes 
 n Sn-based 211 MAX phases. Comput. M ter. Sci. 2019, 168, 203− 
212. 
(20) Had , M.; Kela d s, N.; Naq b, S. H.; Chroneos, A.; Islam, A. K. 

M. A. Mechan cal behav ors, latt ce thermal conduct v ty and 
v brat onal propert es of a new MAX phase Lu2SnC. J. Phys. Chem. 
Solids 2019, 129, 162−171. 
(21) Dubo s, S.; Cab oc’h, T.; Chart er, P.; Gauth er, V.; Jaouen, M. 

A New Ternary Nanolam nate Carb de: T 3SnC2. J. Am. Cer m. Soc. 
2007, 90, 2642−2644. 
(22) Lapauw, T.; Tunca, B.; Cab oc’h, T.; Vleugels, J.; Lambr nou, 

K. React ve spark plasma s nter ng of T 3SnC2, Zr3SnC2 and Hf3SnC2 

us ng Fe, Co or N  add t ves. J. Eur. Cer m. Soc. 2017, 37, 4539−4545. 
(23) Had , M. A.; Chr stopoulos, S.-R. G.; Naq b, S. H.; Chroneos, 

A.; F tzpatr ck, M. E.; Islam, A. K. M. A. Phys cal propert es and 
defect processes of M3SnC2 (M T , Zr, Hf) MAX phases: Effect of 
M-elements. J. Alloys Compd. 2018, 748, 804−813. 
(24) Clark, S. J.; Segall, M. D.; P ckard, C. J.; Hasn p, P. J.; Probert, 

M. I. J.; Refson, K.; Payne, M. C. F rst pr nc ples methods us ng 
CASTEP. Z. Krist llogr. 2005, 220, 567−570. 
(25) Perdew, J. P.; Burke, K.; Ernzerhof, M. General zed Grad ent 

Approx mat on Made S mple. Phys. Rev. Lett. 1996, 77, 3865−3868. 
(26) Had , M. A.; Kela d s, N.; Naq b, S. H.; Islam, A.; Chroneos, A.; 

Vovk, R. Ins ghts  nto the phys cal propert es of a new 211 MAX 
phase Nb2CuC. J. Phys. Chem. Solids 2021, 149, 109759. 
(27) Vanderb lt, D. Soft self-cons stent pseudopotent als  n a 

general zed e genvalue formal sm. Phys. Rev. B: Condens. M tter 
M ter. Phys. 1990, 41, 7892−7895. 

ACS Omega http://pubs.acs.org/journa /acsodf Article 

https://doi.org/10.1021/acsomega.3c03 45 
ACS Ome a 2023, 8, 25 01−25 09 

25608 

° 

= 

‑

https://orcid.org/0000-0001-8096-1677
mailto:hadipab@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicolas+Kelaidis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stavros-Richard+G.+Christopoulos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8468-2998
https://orcid.org/0000-0002-8468-2998
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Chroneos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saleh+Hasan+Naqib"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+K.+M.+Azharul+Islam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03645?ref=pdf
https://doi.org/10.1016/j.jpcs.2019.109275
https://doi.org/10.1016/j.jpcs.2019.109275
https://doi.org/10.1016/j.oceram.2022.100308
https://doi.org/10.1016/j.oceram.2022.100308
https://doi.org/10.1016/j.oceram.2022.100308
https://doi.org/10.1063/5.0059078
https://doi.org/10.1063/5.0059078
https://doi.org/10.1063/5.0059078
https://doi.org/10.1016/s0079-6786(00)00006-6
https://doi.org/10.1016/s0079-6786(00)00006-6
https://doi.org/10.1038/s41598-022-18336-z
https://doi.org/10.1038/s41598-022-18336-z
https://doi.org/10.1038/s41598-022-18336-z
https://doi.org/10.1111/jace.14870
https://doi.org/10.1111/jace.14870
https://doi.org/10.1103/physrevb.86.165122
https://doi.org/10.1103/physrevb.86.165122
https://doi.org/10.1016/j.jnucmat.2008.12.018
https://doi.org/10.1016/j.jnucmat.2008.12.018
https://doi.org/10.1016/j.jnucmat.2008.12.018
https://doi.org/10.1016/j.jnucmat.2008.12.321
https://doi.org/10.1016/j.jnucmat.2008.12.321
https://doi.org/10.1146/annurev-matsci-082908-145340
https://doi.org/10.1146/annurev-matsci-082908-145340
https://doi.org/10.1146/annurev-matsci-082908-145340
https://doi.org/10.1016/j.tsf.2009.07.184
https://doi.org/10.1016/j.jnucmat.2016.11.016
https://doi.org/10.1016/j.jnucmat.2016.11.016
https://doi.org/10.1021/acsenergylett.9b01580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b01580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s40145-020-0391-8
https://doi.org/10.1007/s40145-020-0391-8
https://doi.org/10.15541/jim20200529
https://doi.org/10.15541/jim20200529
https://doi.org/10.1016/j.jmrt.2022.03.083
https://doi.org/10.1016/j.jmrt.2022.03.083
https://doi.org/10.1016/j.jmrt.2022.03.083
https://doi.org/10.1039/d0ra07730e
https://doi.org/10.1039/d0ra07730e
https://doi.org/10.1016/j.commatsci.2019.06.008
https://doi.org/10.1016/j.commatsci.2019.06.008
https://doi.org/10.1016/j.jpcs.2019.01.009
https://doi.org/10.1016/j.jpcs.2019.01.009
https://doi.org/10.1111/j.1551-2916.2007.01766.x
https://doi.org/10.1016/j.jeurceramsoc.2017.06.041
https://doi.org/10.1016/j.jeurceramsoc.2017.06.041
https://doi.org/10.1016/j.jallcom.2018.03.182
https://doi.org/10.1016/j.jallcom.2018.03.182
https://doi.org/10.1016/j.jallcom.2018.03.182
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1016/j.jpcs.2020.109759
https://doi.org/10.1016/j.jpcs.2020.109759
https://doi.org/10.1103/physrevb.41.7892
https://doi.org/10.1103/physrevb.41.7892
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(28) Monkhorst, H. J.; Pack, J. D. Spec al po nts for Br llou n-zone 
 ntegrat ons. Phys. Rev. B: Solid St te 1976, 13, 5188−5192. 
(29) F scher, T. H.; Almlof, J. General methods for geometry and 

wave funct on opt m zat on. J. Phys. Chem. 1992, 96, 9768−9774. 
(30) Kresse, G.; Furthmuller, J. Eff c ent  terat ve schemes for ab 

 n t o total-energy calculat ons us ng a plane-wave bas s set. Phys. Rev. 
B: Condens. M tter M ter. Phys. 1996, 54, 11169−11186. 
(31) He, X.; Ba , Y.; Chen, Y.; Zhu, C.; L , M.; Barsoum, M. W. 

Phase Stab l ty, Electron c Structure, Compress b l ty, Elast c and 
Opt cal Propert es of a Newly D scovered T 3SnC2: A F rst-Pr nc ple 
Study. J. Am. Cer m. Soc. 2011, 94, 3907−3914. 
(32) L , S.; Ahuja, R.; Barsoum, M. W.; Jena, P.; Johansson, B. 

Opt cal propert es of T 3S C2 and T 4AlN3. Appl. Phys. Lett. 2008, 92, 
221907. 
(33) L , X.; Cu , H.; Zhang, R. F rst-pr nc ples study of the electron c 

and opt cal propert es of a new metall c MoAlB. Sci. Rep. 2016, 6, 
39790. 
(34) Had , M. A.; Vovk, R. V.; Chroneos, A. Phys cal propert es of 

the recently d scovered Zr2(Al1 xB x)C MAX phases. J. M ter. Sci.: 
M ter. Electron. 2016, 27, 11925−11933. 
(35) Had , M. A.; Roknuzzaman, M.; Nas r, M.; Mon ra, U.; Naq b, 

S. H.; Chroneos, A.; Islam, A. K. M. A.; Alarco, J. A.; Ostr kov, K. 
Effects of Al subst tut on by S   n T 3AlC2 nanolam nate. Sci. Rep. 
2021, 11, 3410. 
(36) M tro, S. K.; Had , M. A.; Parv n, F.; Majumder, R.; Naq b, S. 

H.; Islama, A. Effect of boron  ncorporat on  nto the carbon-s te  n 
Nb2SC MAX phase: Ins ghts from DFT. J. M ter. Res. Technol. 2021, 
11, 1969−1981. 
(37) Roknuzzaman, M.; Had , M. A.; Abden, M. J.; Nas r, M. T.; 

Islam, A. K. M. A.; Al , M. S.; Ostr kov, K.; Naq b, S. H. Phys cal 
propert es of pred cted T 2CdN versus ex st ng T 2CdC MAX phase: 
An ab  n t o study. Comput. M ter. Sci. 2016, 113, 148−153. 
(38) Zhu, J.; Chroneos, A.; Wang, L.; Rao, F.; Schw ngenschlögl, U. 

Stress-enhanced l th at on  n MAX compounds for battery appl ca-
t ons. Appl. M ter. Tod y 2017, 9, 192−195. 
(39) Xu, J.; Zhao, M.-Q.; Wang, Y.; Yao, W.; Chen, C.; Anasor , B.; 

Sarycheva, A.; Ren, C. E.; Math s, T.; Gomes, L.; Zhenghua, L.; 
Gogots , Y. Demonstrat on of L -Ion Capac ty of MAX Phases. ACS 
Energy Lett. 2016, 1, 1094−1099. 
(40) Wan, Q.; L , S.; L u, J. F rst-Pr nc ple Study of L -Ion Storage of 

Funct onal zed T 2C Monolayer w th Vacanc es. ACS Appl. M ter. 
Interf ces 2018, 10, 6369−6377. 
(41) Er, D.; L , J.; Nagu b, M.; Gogots , Y.; Shenoy, V. B. T 3C2 

MXene as a H gh Capac ty Electrode Mater al for Metal (L , Na, K, 
Ca) Ion Batter es. ACS Appl. M ter. Interf ces 2014, 6, 11173−11179. 
(42) L , Y.-M.; Guo, Y.-L.; J ao, Z.-Y. The effect of S-funct onal zed 

and vacanc es on V2C MXenes as anode mater als for Na- on and L -
 on batter es. Curr. Appl. Phys. 2020, 20, 310−319. 
(43) Lv, X.; We , W.; Sun, Q.; Yu, L.; Huang, B.; Da , Y. Sc2C as a 

Prom s ng Anode Mater al w th H gh Mob l ty and Capac ty: A F rst-
Pr nc ples Study. Chem. Phys. Chem. 2017, 18, 1627−1634. 
(44) Becke, A. D.; Edgecombe, K. E. A s mple measure of electron 

local zat on  n atom c and molecular systems. J. Chem. Phys. 1990, 92, 
5397−5403. 
(45) Fuentealba, P.; Chamorro, E.; Santos, J. C. Understand ng and 

us ng the electron local zat on funct on. Theoretic l Aspects of Chemic l 
Re ctivity; Elsev er, 2007; Chapter 5. 
(46) Burdett, J. K.; McCorm ck, T. A. Electron Local zat on  n 

Molecules and Sol ds: The Mean ng of ELF. J. Phys. Chem. A 1998, 
102, 6366−6372. 

ACS Omega http://pubs.acs.org/journa /acsodf Article 

https://doi.org/10.1021/acsomega.3c03 45 
ACS Ome a 2023, 8, 25 01−25 09 

25609 

‑

https://doi.org/10.1103/physrevb.13.5188
https://doi.org/10.1103/physrevb.13.5188
https://doi.org/10.1021/j100203a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100203a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1111/j.1551-2916.2011.04593.x
https://doi.org/10.1111/j.1551-2916.2011.04593.x
https://doi.org/10.1111/j.1551-2916.2011.04593.x
https://doi.org/10.1063/1.2938862
https://doi.org/10.1038/srep39790
https://doi.org/10.1038/srep39790
https://doi.org/10.1007/s10854-016-5338-z
https://doi.org/10.1007/s10854-016-5338-z
https://doi.org/10.1038/s41598-021-81346-w
https://doi.org/10.1016/j.jmrt.2021.02.031
https://doi.org/10.1016/j.jmrt.2021.02.031
https://doi.org/10.1016/j.commatsci.2015.11.039
https://doi.org/10.1016/j.commatsci.2015.11.039
https://doi.org/10.1016/j.commatsci.2015.11.039
https://doi.org/10.1016/j.apmt.2017.07.002
https://doi.org/10.1016/j.apmt.2017.07.002
https://doi.org/10.1021/acsenergylett.6b00488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b18369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b18369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am501144q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am501144q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am501144q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cap.2019.11.025
https://doi.org/10.1016/j.cap.2019.11.025
https://doi.org/10.1016/j.cap.2019.11.025
https://doi.org/10.1002/cphc.201700181
https://doi.org/10.1002/cphc.201700181
https://doi.org/10.1002/cphc.201700181
https://doi.org/10.1063/1.458517
https://doi.org/10.1063/1.458517
https://doi.org/10.1021/jp9820774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9820774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

	Open Access  (1)
	acsomega.3c03645

