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Na4Si4 is a Zintl salt composed of Na+ cations and Si4�
4 tetrahedral anions and is a unique solid-state

precursor to clathrate structures and nanomaterials. In order to provide opportunities for the synthesis

of complex materials, phosphorus was explored as a possible substituent for silicon. Phosphorus doped

sodium silicides Na4Si4�xPx (xr0.04) were prepared by reaction of Na with the mechanically alloyed

Si4�x:Px (x¼0.04, 0.08, 0.12) mixture in a sealed Nb tube at 650 1C for 3 days. Energy dispersive X-ray

spectroscopy confirms the presence of P in all products. Powder X-ray diffraction patterns are

consistent with the retention of the Na4Si4 crystal structure. As the amount of P increases, a new peak in

the diffraction pattern that can be assigned to black phosphorus is apparent above the background.

Raman and solid-state NMR provide information on phosphorus substitution in the Na4Si4 structure.

Raman spectroscopy shows a shift of the most intense band assigned to the Si4�
4 n1 (A1) mode from

486.4 to 484.0 cm�1 with increasing P, consistent with P replacement of Si. Differential nuclear spin-

lattice relaxation for the Si sites determined via 29Si solid-state NMR provides direct evidence for

Si–P bonding in the (Si1�xPx)4� tetrahedron. The 23Na NMR shows additional NayP interactions and

the 31P NMR shows two P sites, consistent with P presence in both of the crystallographic sites in the

(Si4)4� tetrahedron.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Metal silicides have long been of great interest to the silicon-
based integration technology [1]. Among them only a few are
semiconducting silicides, which are mainly made from metals in
groups 2 (Mg and Ba only), 6, 7, and 8 of the Periodic Table. In
contrast, group 1 alkali metal silicides are not identified as
semiconducting silicides. Like the group 2 alkaline earth metal
silicides, the alkali metal silicides are known as Zintl phases, but
have quite different structures and properties from the former.
Na4Si4 is used as a precursor to inorganic clathrate phases [2–6].
These phases have the compositions Na8Si46 and NaxSi136 and
have been explored for possible thermoelectric applications [7,8].
With the Na removed, they are of interest as wide band gap
semiconductors [9]. It was not until recent years that NaSi or
Na4Si4 (written as such to draw attention to the Si4 cluster in the
solid), an alkali metal silicide, was found to be an excellent
precursor for synthesis of Si nanoparticles (NPs) via reaction with
silicon halides [10], ammonium halides [11–13], or via direct
ultrasonication [14]. It thus provides a unique reagent for
the preparation of nanocrystalline Si material for thin-film
ll rights reserved.

Kauzlarich).
microelectronics or optoelectronics such as solar cells. The
advantages include low temperature and ambient pressure route,
easy manipulation of the Si NP’s surface and potential for large
scale manufacturing.

Intentional impurity doping has been a traditional approach to
enhance the desirable material properties for both semiconduct-
ing silicides, resulting in ‘‘ternary silicides’’ [15,16], and Si NPs
[17–23]. In these applications P is of paramount importance as an
n-type dopant [17]. There are a variety of techniques to dope
impurity atoms into the substrate materials, such as spark plasma
sintering [15], plasma-enhanced chemical vapor deposition [24],
ion implantation followed by thermal annealing [25], reactive
radio-frequency co-sputtering [26], molecular beam epitaxy [27],
coreduction from solution [22], and so on. However, doping at the
nanoscale, especially with ultrahigh concentration, remains both
a formidable challenge and a tremendous opportunity [28].

Herein we present the synthesis of P-doped Na4Si4, using a
reaction route similar to that reported to prepare the Zintl salt
Na4Si4 [29,30]. The successfully doped Na4Si4 phase could be an
important precursor to the correspondingly doped clathrate
phases or Si NPs. A series of samples with P attempting to replace
1, 2, and 3 at% Si were investigated and the products were
characterized by X-ray powder diffraction, energy dispersive
X-ray (EDX) spectroscopy, Fourier-transform (FT) Raman, 29Si,
23Na, and 31P solid-state magic-angle-spinning nuclear magnetic
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resonance (MAS NMR) spectroscopic techniques. The results show
that P was successfully doped into Na4Si4 and the remaining P is
transformed to black phosphorus.
2. Experimental

2.1. Synthesis

The materials used are Na lump (99%, Sigma-Aldrich), Si
(99.99999+% lump from Johnson Matthey (JM), ball-milled to fine
powder), P (red polycrystalline powder, JM grade A1A). For the
synthesis of Na4Si4�xPx series, x values were chosen as 0.04, 0.08,
and 0.12. The P concentrations, i.e. the ratios of P atoms to the
sum of P and Si atoms, are 1, 2, and 3 at%, respectively. Si and P
powder mixtures of 99:1, 98:2, and 97:3 in molar ratios were ball-
milled for 30 min with Spex SamplePrep 8000 M Mixer/Mill. The
Si:P mixtures with a slight excess of Na to form Na4Si4�xPx were
loaded in niobium (Nb) tubes, which were sealed with an argon
arc welder and subsequently contained in evacuated and sealed
quartz ampoules. The reactions were carried out at 650 1C for 72
hours. Pristine Na4Si4 was also prepared by this method. The
resulting products are black powders, which are air and moisture
sensitive and therefore were handled and stored in N2 filled glove
box. All compositions have been characterized by powder X-ray
diffraction. All peaks in all samples are found to be in good
agreement with the diffraction pattern characteristic of Na4Si4.
Most samples showed additional intensity could be assigned to
the 100% peak for Na [31], and occasionally showed an additional
peak that could be assigned to the 100% peak for NaOH [32],
consistent with the 23Na NMR results (see below).

2.2. Powder X-ray diffraction

Powder XRD experiments were run on a Bruker D8 Advance
X-ray diffractometer (Cu Ka1 radiation, l¼1.5406 Å). The samples
were sealed in a Bruker air-tight plastic sample holder prior to the
experiments. Data sets were collected by DIFFRACplus XRD
Commander program in a continuous scan mode between 101
and 801 in 2y, with step size 0.0211 and measuring time 2 s per
step. Data were analyzed with MDI Jade Plus 6.1.1 software. Cell
parameters were determined by the whole profile fitting (WPF)
and refinement program available within the MDI Jade suite of
programs. The two agreement factors, weighted (R) and the
expected (E), are defined by the following equations:
R¼100� [

P
(w(i)� (I(o,i)� I(c,i))2)/

P
(w(i)�(I(o,i)� I(b,i)2)]1/2 and

E¼100� [(N�P)/
P

I(o,i)]1/2, where I(o,i) is the observed intensity
of a fitted data point (i), I(c,i) is the calculated intensity at this data
point, I(b,i) is the background intensity at this data point, w(i) is
the statistical weight of this data point, N is the number of the
fitted data point, P is the number of refined parameters, and
the sum is over all the fitted data points (N) that are 2s above the
fitted background. The ratio of R/E is called the ‘‘goodness of fit’’,
which would be 1 in an ideal refinement. The calculated pattern of
Na4Si4 was obtained by using CrystalMaker 7.2.3 software and the
Na4Si4 unit cell data [30]. The WPF with experimental, calculated
and difference plots are provided as Supporting Information.

2.3. EDX

The EDX spectra were obtained by the EDAX EDX system
attached to the FEI/Philips XL30- SFEG scanning electron micro-
scope. All samples weighed 3.0–3.5 mg; each was pressed into a
small pellet and then mounted via double sticking carbon tape
onto an aluminum stud. There was a few seconds exposure in the
air when the aluminum studs were transferred into the vacuum
chamber of the microscope. For each sample, 8–10 spots were
chosen for observation in a random but consistent fashion to
make sure that a survey of data points were collected that were
representative of the sample. The acceleration voltage was 5 keV,
all SEM images were taken at 10,000�magnification, working
distance of lens was about 5 mm and the acquisition time for all
EDX spectra was 64 s.

2.4. Raman spectroscopy

FT Raman spectra were collected on samples taken in sealed
thin quartz capillaries using a Bruker RFS 100/S Fourier-transform
(FT) Raman spectrometer. Samples were irradiated with a
frequency-doubled Nd:YAG laser operating at a wavelength of
1064 nm. The scattering signal was collected using a 1801
backscattering geometry. The spectral resolution of the solid-
state Ge detector was set to 1 cm�1. A laser power level of
250 mW was used for all samples and approximately 6000 scans
were collected at room temperature.

2.5. NMR spectroscopy

All solid-state 23Na, 29Si, and 31P MAS NMR experiments were
conducted on a Bruker Avance NMR spectrometer equipped with
an 11.7 T wide-bore magnet. A Bruker 4 mm CPMAS probe was
used with zirconia rotors and kel-F caps. The solid powder
samples were loaded in the rotor inside a glove box filled with
flowing nitrogen gas. Samples were spun at a rate of 15 kHz for
the MAS NMR experiments. The 31P MAS NMR spectra were
recorded with direct polarization pulse sequence, with a 2.4 ms
pulse (corresponding to 601 tip angle) and 30 s recycle delay. A
total of 80–2000 transients were averaged and Fourier trans-
formed with 200 Hz line broadening to obtain each spectrum. The
chemical shifts were externally referenced to 85% H3PO4. The 29Si
MAS NMR spectra were recorded with direct polarization pulse
sequence, with a 2 ms pulse (corresponding to 601 tip angle) and
500 s recycle delay; 200–800 transients were averaged and
Fourier transformed with 100 Hz line broadening to obtain each
spectrum. The 29Si chemical shifts were externally referenced to
Si(CH3)4. 23Na MAS NMR spectra of these samples were recorded
with direct polarization pulse sequence, with a pulse length of
0.25 ms (151 solids tip angle) and a recycle delay of 0.2 s. 2000
transients were averaged and Fourier transformed with 1 Hz line
broadening to obtain each spectrum. The 23Na chemical shifts
were externally referenced to 1 M NaCl solution.
3. Results and discussion

The crystal structure of Na4Si4 has been described in detail
previously [29,30], however, a brief description here is helpful for
discussion of the Raman and solid-state NMR results obtained in
this study. Na4Si4 crystallizes in a monoclinic structure with two
crystallographically inequivalent sites for Si and Na: Si1 and Si2,
Na1 and Na2. The structure with atom designation is shown in
Fig. 1. The Zintl anion Si4�

4 forms a covalently bonded, distorted
tetrahedron with four edge lengths slightly different from each
other. The faces of the tetrahedron, composed of Si2–Si2–Si1 and
Si1–Si1–Si2 are m3 capped by Na1 and Na2, respectively, with
slightly different average distances from the face center [30].
The Si1–Si2 edges are m2 bridged by Na1; however, neither the
Si1–Si1 nor the Si2–Si2 edges are coordinated by Na. The Si1 sites
are m1 contacted by both Na1 and Na2, with slightly different
distances, while the Si2 sites have two m1 contacts to Na2 [30].
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The contacts of Na atoms with the tetrahedron are indicated
in Fig. 1.

Table 1 provides the lattice parameters of the Na4Si4�xPx

series. The cell parameters of the pristine Na4Si4 agree with the
literature [30] and the refinements provide good R values (WPF
provided in Supporting Information). As P content increases, the
lattice parameters systematically increase. Since P is smaller than
Si, this suggests that more complex interactions in the structure
are important here, such as Na � � �P interactions and the distor-
tion of the Si4�

4 tetrahedron.
Fig. 2 provides the calculated and experimental X-ray diffrac-

tion patterns of Na4Si4. The experimental pattern for Na4Si4 shows
good agreement with the calculated pattern; there is one peak
with additional intensity that is coincident with the 100% peak for
Na [31], and an additional small peak that is consistent with the
100% peak for NaOH [32]. Both of these peaks varied in height
from sample to sample and the one attributed to NaOH grew in
intensity with time due to exposure of the sample to trace
amounts of air, providing additional validity to the assignments.
The powder XRD patterns for the Na4Si4�xPx series are provided in
Fig. 3 corresponding to the atomic % of P in the Zintl Si4�

4 anion of
1%, 2%, and 3%, respectively. The samples will be referred to
hereafter according to the atomic %. In this figure, the 2% and 3%
samples show a peak that is attributed to NaOH, although all
spectra show additional intensity for the peak indicated as Na
100% peak in Fig. 2. The maximum solid solubility of P in Si is
approximately 2.4 at% at 1180 1C [33,34] and since P4 and Si4�

4 are
isoelectronic, the amount that was investigated was limited to 3%.
The diffraction patterns of the P containing samples correspond
well to the Na4Si4 structure, however close examination shows a
couple of intensity changes with the most notable change being
the growth of a new peak at approximately 2y¼34.51 which
increases with increasing P in Fig. 3. The WPF, which does not
subtract the background of the air-sensitive holder, is provided as
Supporting Information and shows that this peak increase from
Fig. 1. A view of the monoclinic crystal structure of Na4Si4, along with the contacts

for Na and Si indicated, drawn with CrystalMaker 7.2.3. software. Unit cell

parameters used are: a¼12.1536 Å, b¼6.5452 Å, c¼11.1323 Å, and b¼118.91

(Ref. [30]).

Table 1
Cell parameters of the Na4Si4�xPx: x¼0.04 (1 at%), 0.08 (2 at%), and 0.12 (3 at%).

a (Å) b (Å) c (Å)

1 at% 12.173 (4) 6.554 (4) 11.147 (4)

2 at% 12.180 (8) 6.559 (8) 11.152 (8)

3 at% 12.180 (9) 6.561 (9) 11.154 (8)

Na4Si4 (as prepared)a 12.168 (2) 6.551 (2) 11.146 (2)

Na4Si4 (Ref. [30]) 12.1536 (5) 6.5452 (5) 11.1323 (6)

a Average values are shown here based on three different batches of Na4Si4 produc
1 to 3 at%. This peak can be assigned to the 100% peak for
orthorhombic black phosphorus with lattice parameters of
a¼3.365, b¼10.534, c¼4.429 Å, slightly larger than those
reported (a¼3.3164 (5), b¼10.484 (3), c¼4.3793 (5) Å) [33,34].

Black phosphorus is not easily prepared requiring a flux,
catalyst or high pressure. Recently two routes for the conversion
of red to black phosphorus have been reported: a low-pressure
route using a mineralizer as a reaction promoter [35] and high
energy mechanical milling [33,34]. The diffraction results for
phosphorus doping of Na4Si4 suggest that at about 1 at%, some of
the additional phosphorus is converted to orthorhombic black
phosphorus with slightly larger lattice parameters than that
reported [35]. There may be advantages to the presence of black
phosphorus with metal silicide Zintl salts, for example: black
phosphorus has been recently investigated as an electrode
material for rechargeable lithium-ion batteries [36] and therefore
it may be reasonable to pursue this route with Li–Si Zintl salts to
further optimize their battery performance [36,37]. EDX experi-
ments provided values of 0.9 (5), 1.8 (6), 2.6 (7) P at% for the
prepared 1, 2, and 3 at% samples indicating that P is present in all
cases, consistent with the amounts introduced in the synthesis.
Raman and solid-state NMR spectroscopies allow specific inves-
tigation of the Na4Si4 structure, even in the presence of the
additional black phosphorus phase. Both Raman spectroscopy and
solid-state NMR are local probes and can distinguish phosphorus
in the Na4Si4 lattice from black phosphorus.

The Raman spectra of Na4Si4 and the three doped samples
are shown in Fig. 4. The Raman spectrum of Na4Si4 is in good
b (deg.) V (Å3) R (%) E (%) R/E ratio

118.95 (1) 778.2 (6) 3.00 0.69 4.3

118.99 (2) 779 (1) 3.54 0.70 5.1

118.96 (2) 780 (1) 4.22 0.71 5.9

118.94 (1) 777.5 (3) 3.46 0.79 4.4

118.9 (1) 775.3 (1)

ts as prepared.

Fig. 2. Experimental X-ray powder diffraction pattern of Na4Si4 (black solid line)

compared with the calculated pattern. A slight excess of Na provides additional

intensity for the peak indicated by n and the 100% intensity peak for NaOH is

indicated by z.



Fig. 4. Raman spectra of the Na4Si4�xPx series: x¼0.04 (1 at%); x¼0.08 (2 at%),

and x¼0.12 (3 at%), in comparison with pristine Na4Si4.

Fig. 5. 29Si MAS NMR spectra for Na4Si4�xPx series: x¼0.04 (1 at%); x¼0.08

(2 at%); x¼0.12 (3 at%).

Fig. 3. Experimental X-ray powder diffraction pattern of the Na4Si4�xPx series:

x¼0.04 (1 at%); x¼0.08 (2 at%), and x¼0.12 (3 at%). The calculated diffraction

pattern for Na4Si4 is provided. The peaks corresponding to black phosphorus [33]

are indicated by dotted lines.
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agreement with literature [38]. Three vibrational modes are
expected for a perfect tetrahedral Si4�

4 cluster with Td symmetry:
the non-degenerate n1(A1) ‘‘breathing’’ mode, the doubly degen-
erate n2(E) and the triply degenerate n3(F2) mode. The distorted
nature of the tetrahedral Si4�

4 cluster in Na4Si4 as well as the
interaction with the Na+ cation lifts such degeneracy and all six
vibrational modes expected from a cluster of 4 Si atoms are
distinctly observed in the FT Raman spectrum of Na4Si4. The
Raman shift at 486.4 cm�1 can be assigned to the n1(A1) mode of
the Si4�

4 cluster, while the doublet (282, 305 cm�1) and the triplet
(340, 355, 378 cm�1) bands can be assigned to the n2 (E) and the
n3 (F2) modes, respectively [38]. The Raman spectra for the 1, 2,
and 3 at% P-doped samples show n1 values of 485.4, 484.6, and
484.0 cm�1, respectively, with an appreciable and monotonic
trend of decreasing n1, consistent with the weaker valence force
constant and the larger reduced mass as the P concentration
increases.

Solid-state MAS NMR spectroscopy is a powerful tool to obtain
local structural information of inter-atomic bonding and coordi-
nation environments and provides complementary information to
XRD. Fig. 5 shows the 29Si MAS NMR spectra of the 1, 2, and 3 at%
P-doped Na4Si4 samples. The two relatively sharp resonances
present in all spectra at �361 and �365 ppm correspond to the
two crystallographically non-equivalent Si sites in pristine Na4Si4

lattice [10]. An additional distinct resonance signal at �381 ppm,
together with at least one shoulder signal at �374 ppm, can be
assigned to the Si sites in the Si4 tetrahedra where one or more Si
atom has been replaced by P due to doping. Since P has one more
electron than Si donating to the tetrahedron, it provides more
shielding to the Si nuclides, thus shifting this peak slightly upfield
compared to those characteristic of pristine Na4Si4. It should be
noted that for typical Si–P distances on the order of 0.25 nm in a
P-substituted Si4 tetrahedron, the 29Si-31P dipolar coupling
constant can be calculated to be�600 Hz. Therefore, for MAS at
15 kHz, such interaction should be averaged in the 29Si NMR
spectra shown in Fig. 5. The broad line width of the resonance
between �371 and �381 ppm may represent heterogeneous
broadening due to local structural disorder resulting from P
substitution in the lattice. In addition, it may be attributed to
homogeneous broadening due to dipolar coupling with free
electron resulting from n-type doping. In either case, it provides
strong evidence for the substitution of P in the Si4�

4 cluster. This
resonance at �381 ppm grows and sharpens as the P concentra-
tion increases from 1 to 3 at%, indicating an increasing fraction of
P-substituted Si4 tetrahedra. However, precise amounts cannot be
quantified due to differential spin-lattice relaxation rates of Si
nuclides in different environments. The peaks at �361 and
�365 ppm belonging to the majority of the Si sites in the non-
doped environment show much lower relative intensity in all
spectra than they should due to the incomplete relaxation of these
sites resulting from their long spin-lattice (T1) relaxation times.
On the other hand, the Si sites in the P-substituted tetrahedra are
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able to relax much faster resulting in disproportionally high
intensity, which should not be confused with their actual
concentration. This fact is further demonstrated in Fig. 6, in
which are shown the 29Si NMR spectra for the 3 at% sample
collected with recycle delay times of 100 and 500 s, respectively.
The relatively higher intensity of the peaks corresponding to Si
sites in the non-doped tetrahedron in the spectrum collected with
longer recycle delay implies that these sites have a significantly
longer T1 than the Si sites in P-substituted Si4 tetrahedra.

Fig. 7 shows the 23Na MAS NMR spectra for the 1, 2, and 3 at%
samples. The two Na sites in pristine Na4Si4 have been
characterized by isotropic chemical shifts diso of 56.7 and
Fig. 6. 29Si MAS NMR spectra for 3 at% P-doped Na4Si4 sample with recycle delay

times of 100 and 500 s.

Fig. 7. 23Na MAS NMR spectra for Na4Si4�xPx series: x¼0.04 (1 at%); x¼0.08

(2 at%); x¼0.12 (3 at%). The peak marked with # sign is attributed to a small

amount of NaOH impurity and the sharp spikes in the spectra denoted by asterisks

correspond to probe arcing.
49.5 ppm and corresponding quadrupolar coupling constants Cq

of 1.25 and 2.31 MHz and asymmetry parameters Z of 1.0 and
0.15, respectively [10]. As expected, these two sites are also
present in nearly equal proportions the 23Na MAS NMR spectra for
the 1, 2, and 3 at% samples (Figs. 7 and 8). In addition to these two
sites (Fig. 8), the presence of a third site with a diso of 53.3 ppm
and with Cq and Z of 2.0 MHz and 0.10, respectively is indicated
by constrained line shape simulation of these spectra. This new
site can be attributed to Na atoms neighboring P-substituted Si4

tetrahedra and its concentration does not change appreciably
with P concentration. The relative fractions of this Na site are 25
(3)%, 23 (3)%, and 26 (3)%, respectively, for the 1, 2, and 3 at%
Fig. 8. The experimental (solid line) and simulated (dashed line) 23Na MAS NMR

spectra for the 2 at% P-doped Na4Si4 sample. The individual simulation

components are vertically offset for the sake of clarity. Components 1 and 2

are present in nearly equal proportions and correspond to the two Na sites in

the pristine Na4Si4. Component 3 is attributed to the Na atoms neighboring

P-substituted Si tetrahedra.

Fig. 9. 31P MAS NMR spectrum for 1 at% P-doped Na4Si4 sample.
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samples. The resonance signal marked with the # sign at
18.4 ppm is attributed to a small amount of NaOH impurity
present in these samples.

Fig. 9 shows the 31P NMR spectra of the 1 at% sample. There are
two broad signals centered at around �190 and �260 ppm,
corresponding to at least two crystallographically inequivalent
sites for P substituting Si in the tetrahedral structure, consistent
with the crystal structure for Na4Si4. The up field shift (negative
value) with respect to the H3PO4 reference is consistent with the
more shielded P–Si environment than the P–O environment.
These two P sites are present at a ratio of 3:2 in this sample. Black
phosphorus has a sharp resonance at 22.2 ppm and there is a split
resonance at approximately 13 ppm in the 31P NMR spectrum of
the 1 at% sample. Similar to the powder diffraction results, this
peak is shifted from the reported resonance for black phosphorus,
suggesting that the phase is similar to but not identical to what
has previously been reported [34].

4. Conclusions

In summary, the P-doped Zintl salt Na4Si4�xPx (x¼0.04, 0.08,
0.12), corresponding to P concentrations in the Si tetrahedron of 1,
2, and 3 at%, have been investigated. The products were
characterized by powder XRD, EDX, FT Raman, 23Na, 29Si and
31P solid–state MAS NMR spectroscopy. The results show that the
P-doping has been successfully achieved in the lattice of Na4Si4.
As the amount of phosphorus increases from 1 to 3 at%, a new
diffraction peak that is consistent with the presence of black
phosphorus becomes apparent in the samples, suggesting that the
maximum amount of dopant in Na4Si4 is less than 1 at%. The
P-doped Na4Si4 synthesized in this work might be used as
precursor to prepare corresponding P-doped Si NPs, P-doped Si
clathrate phases and other materials where Na4Si4 has been
shown to be an appropriate starting material. Additionally, the
presence of black phosphorus may be advantageous for battery
applications and a similar study is worth pursuing for the Li–Si
Zintl phases that show promise for Li-ion batteries.
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