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Abstract
Improved chloride binding stability for calcium aluminate cements is proposed
by the doping of phosphorus. Phosphorus-modified aluminates clinker has an
improved chloride binding stability compared to pristine aluminates, ordinary
Portland cement and sulfur-modified calcium aluminates, as verified by exper-
imental observation. The existence of the newly found phosphorus-modified
Friedel’s salt (PFS) accounts for the excellent chloride binding stability, which
was understood by density functional theory calculations. Local density of states
of the valence band minimum is predominantly localized around P atoms in the
PFS, but evenly distributed in the Friedel’s salt (FS). The frontier band energy of
the partial density of states on Cl and O elements in the PFS is lower than that
in the FS by 0.21 and 0.05 eV, respectively. This makes the PFS more stable than
the FS salt to ionic attack.
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1 INTRODUCTION

Free chloride ions play a devasting role in the corrosion
of steel in offshore construction. The anti-permeation
and chloride binding performance of the cement-based
substrate are directly related to the corrosion of the
reinforcement.1,2 Chloride corrosion in reinforcement can
be retarded by filling with a fine mineral admixture,3,4
which is beneficial for growing and evolving a dense inter-
twined gel-like micromorphology and thereby decreasing
the external chloride penetration rates. Calcium alumi-
nate cements (CACs) is a common admixture additive
in offshore construction for its chloride binding ability
since it contains high aluminates. However, its chloride

binding stability is less than satisfactory and deep insight
is required for guiding how to improve the chloride
binding stability.
Current reports attribute the chloride binding into

two mechanisms: physical binding and chemical bind-
ing. Physically bound chloride ions (such as bound by
aluminum hydroxide gel5) are unstable and vulnerable
to environmental changes. Even worse, physical binding
would re-release bound Cl– ions from the gel-phase to
the pore fluid. Hence, admixtures with a certain chem-
ical chloride binding ability are being increasingly con-
sidered. Ground granulated blast furnace slags (GGBFs),6
fly ash (FA),7 aluminous slag8 and metakaolin9,10 with
high active aluminum-containing phases are frequently
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used for chloride binding. Chloride binding is attributed
to the aluminum-rich phases of aluminum-rich minerals
in the admixtures such as tricalcium aluminate (C3A),
krotite (CA), grossite (CA2), hibonite (CA6), and mayen-
ite (C12A7), which react with Cl– directly or indirectly
(by reacting with their hydration products) and form the
chloride-containing phase Friedel’s salt (FS),11–15 as shown
in Equation (1):

C𝑥A𝑦 + Cl− + 10H2O → C3A ⋅ CaCl2 ⋅ 10H2O(FS). (1)

The formation of FS as a chloride-containing phase
could indeed be responsible for the superior chloride bind-
ing ability in aluminate-rich cement-basedmaterials; how-
ever, its stability is unsatisfactory. Aluminum-rich mate-
rials are widely used for enhancing the chloride binding
ability of marine structures. Nonetheless, owing to the
carbonation and other multifaceted factors in the corro-
sive oceanic environment, the chemically bound chloride
in the FS would be released to the pore solution again,
subsequently leading to the inward corrosion to the steel
bar when the concentration of chloride ions reach the
chloride threshold value. Indeed, there are several factors
which both complicate and drastically affect the stabil-
ity of FS, such as ion concentration, temperature, pore
solution pH, electrical fields, etc. However, foreign ions
such as sulfate (SO4

2–), hydroxyl (OH–) as well as the
carbonate ion (CO3

2–) could penetrate from the environ-
ment to the pore fluid, then to the surface of the FS.
Sulfate ions could inhibit the formation of FS, which
also could lead to FS decomposition, during which the
bound chloride ions will be released into the pore solu-
tion, and form C3A⋅0.5CaCl2⋅0.5CaSO4⋅10H2O (Kuzel’s
salt).16–19 The variation of pH values in the pore fluid
would synergistically affect the stability of FS, forming
C3A⋅Ca(OH)2⋅nH2O (C4AHn).9–24 Also, the dissolution of
CO2 could not only change the pH values in the pore fluid,
but also cause the FS to be converted into C4AH13 dur-
ing which the chloride ions would be released, and then
the metastable phase C4AH13 would be converted into cal-
cium carbo-aluminate hydrate and ultimately transformed
to CaCO3,25–27 which causes deterioration of the durabil-
ity of reinforced concrete. Generally, the ion substitution
mechanism in the FS is caused by the replacement of inter-
mediate anions, as is shown in Equations (2)–(5):

C3A ⋅ CaCl2 ⋅ 10H2O + 2OH−

→ C3A ⋅ Ca(OH)2 ⋅ 𝑛H2O + 2Cl− (2)

C3A ⋅ CaCl2 ⋅ 10H2O + SO4
2−

→ C3A ⋅ 0.5CaCl2 ⋅ 0.5CaSO4 ⋅ 10H2O + Cl− (3)

F IGURE 1 Mechanism of chloride ion substitution in the
Friedel’s salt (FS) crystal by several marine anions

C3A ⋅ CaCl2 ⋅ 10H2O + CO2 + 2OH−

→ C3A ⋅ CaCO3 ⋅ 10H2O + H2O + 2Cl−(4)C3A

⋅ CaCO3 ⋅ 10H2O → CaCO3 + AH3 + H2O. (4)

C3A ⋅ CaCO3 ⋅ 10H2O → CaCO3 + AH3 + H2O. (5)

Figure 1 shows the ion substitution mechanism of FS
polymorphs. The interlayer chloride ions occupy rela-
tively easily-substitutive sites. Therefore, it is the type
of calcium–aluminum oxide polyhedron that determines
the stability of the interlayer chloride ions. As shown in
Figure 1, the layered-polyhedra have a combination of
layered-like aluminum–oxygen tetrahedra and calcium–
oxygen octahedra. The FS is formed primarily from a reac-
tion between chloride and aluminum-rich hydration prod-
ucts, such as hydrated calciumaluminate,11 which have the
calcium–aluminum oxide polyhedron structure. Once the
aluminum is substituted with another element, the distri-
bution of the valence band maximum (VBM) and the dis-
tribution of active sites would be changed, possibly result-
ing in an improved chloride binding stability, preventing
the structural chloride from being easily replaced by other
ions.28 In other words, stable chloride binding must be
chemical binding (where Cl is inside the FS), and its stabil-
ity depends on the intrinsic electronic structure of the FS.
Thus, modifying FS could lead to improved chloride

binding stability. In order to stabilize the chloride ions in
FS, some of the composites or atoms (elements) in the
layered-polyhedra of FS could be replaced by some inex-
pensive, earth-abundant, and non-metal elements. How-
ever, a direct modification of only the FS is impossible
because FS is formed together with the hydrated produc-
tion. Instead, because FS is formed from the CA hydra-
tion process, it is possible to modify the FS precursor, CA.
Then,whenCA is hydrated, it would form themodified FS.
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Along these lines, this study proposes an indirect strategy
for modifying FS.
A preliminary list of elements for cement clinker mod-

ification, which satisfy criteria including being inexpen-
sive, earth-abundant, and non-metallic, are sulfur, phos-
phorus, and silicon. Silica can be excluded since modi-
fied calcium aluminates clinkers have relatively lowhydra-
tion activities. Sulfur and phosphorus can be considered
since the [SO4] tetrahedra and [PO4] can be incorporated
into the CA lattice under a calcination process to form
the stable modified phase.29,30 Between the sulfur and
phosphor-based modifiers, the phosphor-based modifier
would be an ideal candidate to modify the calcium alu-
minates because the hydration products of phosphorus-
modified calcium aluminates have a denser and a more
intertexture micromorphology than the sulfur-modified
one. This is because the ettringite with poor anti-chloride-
permeability and later-period volumetric shrinkage prop-
erties can be formed in the hydration product of SACs.31
In this study, the chloride binding stability of calcium

aluminate and P-modified calcium aluminate minerals
have been compared. The monocalcium aluminate (CA)
was selected as a representative for the calcium alumi-
nate family in this study because it has the highest hydra-
tion activity among CA, C3A, CA2, CA6, and C12A7. The
hydration rates of CA2 are low, typically on the timescale
of a week; C3A and C12A7, on the other hand, are too
active to control the hydration. CA6 is regarded as a negli-
gible species in the CAC. CA is the primary mineral phase
with controllable and moderate hydration rates in CAC,
which can be easily formed when the calcination tem-
perature reaches over 1400◦C. In terms of the modifica-
tion method: given that the phosphorus element doping
into the aluminum-rich phase usually forms calciumphos-
phoaluminate (C8A6P); meanwhile, the C8A6P is the pre-
dominate and primary active phase of phosphoaluminate
cement (PACs), polycrystalline C8A6P powder was directly
taken into consideration.
Additionally, combined with state-on-the-art density

functional theory (DFT) calculations, it is revealed from
the electronic structure why P-modified calcium alumi-
nate has superior chloride binding stability.

2 MATERIALS AND
COMPUTATIONAL DETAILS

2.1 Samples preparation

2.1.1 Mineral synthesis

Chemical reagents (CaO, Al2O3, P2O5) from Sinopharm
Co., Ltd. were used to synthesize calcium phosphoalumi-

nates (8CaO⋅6Al2O3⋅P2O5: C8A6P) and monocalcium alu-
minate (CaO⋅Al2O3: CA)minerals. The rawmaterials were
blended uniformly in water, dried, and pressed into 100
× 100 × 1 mm3 thin film-like sheets by the tablet press
machine at 20 MPa. The discs were dried in an oven at
60◦C for 48 h to remove the free water. Then, the rawmate-
rial sheets were sintered at 1400◦C (for CA) and 1560◦C
(for C8A6P) for 2.5 h and immediately cooled under the
atmospheric surroundings. These minerals CA and C8A6P
were groundwith a planetary ball mill and screenedwith a
0.075mmsieve. SACs and ordinary Portland cement (OPC)
with the type of 42.5 clinkers were obtained from Shan-
Shui Cement Co, Ltd. The powder X-ray radiation diffrac-
tion (XRD) patterns of rawmineral powder C8A6P and CA
are shown in Figure 2.

2.1.2 Sample curing

The raw clinkersweremixed to awater/cement ratio of 0.4.
Pastes were placed in 2× 2× 2 cm3 molds and then a vibra-
tion was applied to them. These hardened pastes cured
for 1 day were demolded and transferred to the deionized
water curing environment for specific ages. Then, the sam-
ples cured for 28 dayswere immersed into 0.5 and 1MNaCl
solution as the simulated external Cl– source and termi-
nated their hydration process in required ages, where the
Cl– concentration was set to the typical ocean surround-
ings and high salinity area. After that, the samples exposed
to Cl– cured for 28 days were then transferred into a car-
bonation curing ovenwith the RH of 60% and the CO2 con-
centration of 1%. The hydration process of these obtained
samples was immediately terminated with anhydrous
ethanol.

2.2 Testing methods

2.2.1 Chloride binding

The bulk samples, as mentioned above, were crushed and
screened to particle sizes ranging from 0.30 to 0.15 mm.
These crushed sample particles were placed a conical flask
containing 150 ml of deionized water. The conical flask
was then left soaking for 1 day after being shaken for 20
min, considering the balance of successive hydration and
chloride equilibrium. A total of 100 ml of supernatant was
removed from the sample; potassium chromate was used
as an indicator, with a nominal concentration of 0.05M sil-
ver nitrate solution to determine the chloride ion content
of the solution. Equation (6) was then used to calculate the
amount of bound chloride ions in each sample, as shown
in Figure 3:
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F IGURE 2 X-ray diffraction (XRD) patterns of C8A6P and Calcium aluminate (CA) minerals powder and the corresponding primitive
cell of the two polymorphs

F IGURE 3 Schematic diagram of bound chloride ions determination process

𝐶𝑏 =
𝑁𝑡 − (35.453 × 𝑉 × 𝐶𝑓)

𝑊𝑑
, (6)

where Cb is bound chloride mass mg/g clinkers; Nt is the
initial chloride dosage of admixed NaCl in mol; Cf is free
chloride concentration at the equilibrium of the external
solution in mol/L; V is the volume of the external solution
after getting the equilibrium in ml; andWd is the dry mass
of the sample in mg.

2.2.2 Components and microstructure
investigation

Finely ground samples were tested with a Bruker D8
Advanced X-ray diffractometer (with the Cu target source,
40 V, 40 mA). XRD patterns were collected in the range
from 5◦ to 45◦ with a step angle of 0.02◦ and a scan speed
of 6 deg/s. Derivative thermogravimetric (DTG) analysis
was conducted on the finely ground paste samples using

a TGA/DSC/1600HT analyzer heated from 25 to 400◦C,
with a ramp rate of 5◦C/min under Ar gas. In situ high-
temperature X-ray diffraction (In situ-HTXRD) patterns
were obtained with a Rigaku SmartLab SE diffractome-
ter (with the Mo target source, 40 V, 40 mA) with an in
situ heating mount. The heating temperature was selected
from 100 to 500◦C, determined by the DTG statistics. Scan-
ning electronic microscopy (SEM) images were obtained
from the Quanta FEG 250 and Oxford X-Max-50 energy
dispersive spectroscopy (EDS). The EDS mapping signal
was collected with over 3500/pc counting rate and exposed
more than 120 s per images.

2.3 Computational details

2.3.1 Model scheme

FS crystal structure statistics32 were obtained from the
inorganic crystal structure database. The primitive cell
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TABLE 1 Experimental and calculated lattice parameters for Friedel’s salt (FS) and phosphorus-modified Friedel’s salt (PFS)

Experimental Calculated
Cell parameters a (Å) b (Å) c (Å) α (o) β (o) γ (o) a (Å) b (Å) c (Å) α (o) β (o) γ (o)
FS 5.665 5.665 15.64 80.56 99.44 121.34 11.64 11.64 16.16 80.67 99.33 121.50
PFS 11.64 11.64 16.16 80.67 99.33 121.50 11.43 11.43 15.27 79.92 100.09 121.56

Note: PFS is 2×2×1 supercell comparing to FS.

was used for static calculation, and a 2 × 2 × 1 supercell
was applied to PFS considering the phosphorus–impurities
concentration in the real sample. The P element generally
replaces the position of Al; the doping site, therefore, was
an Al for replacing P with one added O atom coordinated
with P for charge compensation in the FS polymorphs.

2.3.2 Computational parameters

DFT calculations33,34 were applied to the two crystal
structures calculated using the partial augmented plane
wave method35 as implemented in the vienna ab ini-
tio simulation package (VASP) code36 with VASPKIT37
for post-processing. Considering that the PFS and FS are
layered-like structures, the long-range force correction
was considered using the DFT-D3 method of Grimme.38
The Perdew–Burke–Ernzerhof (PBE) generalized gradi-
ent approximation39 was used to calculate the exchange-
correlation energy with a 400 eV kinetic energy cut-off for
the plane-wave basis set. DFT molecular dynamics (MD)
simulations were employed for the initial optimization
under 300 K with 1 femtosecond (fs)/step lasting for 12.5
ps.
Structural energy minimization was then done using

a conjugate gradient method based on the pre-optimized
structure until the maximum force component on each
atom was below 0.01 eV/Å. The Brillouin zone was sam-
pled with a 5×2×2 Monkhorst–Pack k-point mesh.40 The
local density of states (LDOS) of the VBM and the con-
duction band minimum (CBM) for FS and PFS were cal-
culated. The electron localization function (ELF) was also
calculated to clarify the types of chemical bonds. In order
to further explore the contribution of different elements to
the band energy closest to the Fermi energy, the total den-
sity of states (TDOS) and partial density of states (PDOS)
were calculated for Cl and several representative oxygen
atoms. Based on the distribution of the LDOS of the VBM
on specific atoms, PDOS calculations were performed on
specific atoms to explore the contribution of different
atoms to the band close to Fermi energy to investigate the
active or vulnerable sites of CA and C8A6P. The optimized
lattice parameters are shown in Table 1. The crystal rela-
tive coordinates for FS and PFS are listed in the Support-
ing Information (SI, Tables S1–S4). The experimental data

for FS were obtained from the Materials Project41 with the
database crystal index of “mp-42175.” The experimental
data for PFSwere obtained by aRietveld refinement/fitting
from the powder diffraction patter. The fitting was based
upon FS crystallography parameter because the PFS is a
derivative of FS.

3 RESULTS AND DISCUSSIONS

3.1 Experimental study

Figure 4 depicts the chloride binding capability in CA and
C8A6P under atmospheric CO2 environment at different
curing ages. Compared with the two graphs (0.5 M and
1 M NaCl environment), the amount of bound chloride
ions decreased slightly at the beginning of the curing age
of 14 days, indicating that the bound chloride ions play
a role in the decomposition. However, from a hydration
age of 14–28 days, the bound chloride ions decreased by
46.67% and 46.72% in the 1 M and 0.5 M chloride sur-
roundings for hydration product CA, while only 3.06% and
9.80% bound chloride ions decreased for hydration product
C8A6P, which shows that the hydration products of C8A6P
are more stable in chloride binding than the CAs under
atmospheric CO2 environment. In order to understand this
chemical reaction mechanism, XRD patterns were plotted
to investigate the phase changes during the hydration pro-
cess under a CO2 environment. Additionally, the chloride
binding stability of SAC and OPC was also investigated,
whose results show a relatively low binding capacity and
stability.
As shown in Figure 5, without the interference of the

chloride ion and without the influence of carbonization,
a large amount of CAH10 and C2AH8, as well as a small
amount of C3AH6, were generated in the hydration pro-
cess of CA as the peak of their XRD patterns shows. When
these hydration products were exposed to chloride ions, as
shown in the curve of “external Cl– 1d” sample in Figure 5,
after one day of exposing to chloride ions, it can be found
that the intensity of XRD diffraction peaks corresponding
to CAH10 and C2AH8 was obviously decreased, while the
XRDpeak of C3AH6’s patterns became obviously increased
and more intense; meanwhile, the peak of FS can be ini-
tially observed. This indicates that CAH10 and C2AH8,
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F IGURE 4 Bound chloride of four types of clinkers under different hydration ages in 0.5 M and 1 M. NaCl surroundings

F IGURE 5 PXRD patterns for chloride binding in Calcium
aluminate (CA)’s hydration product under hydration ages, external
chloride ions immersing and carbonation process

the hydration products of CA, were transformed to the
thermodynamically more stable hydration products with
a high Ca/Al ratio when they encounter chloride ions, and
during this process the chloride ions are effectively immo-
bilized to form FS. With an increase of immersion time of
chloride solution for the CA hydration products, it can be
seen that the corresponding XRD peak of FS is gradually
enhanced, while the peak of C3AH6 is clearly weakened,
and also the XRD peak of FS is gradually increased, which
indicates that there was a transformation from C3AH6 to
FS in the process of chloride ion binding. Then, all samples
were carbonized after soaking in chloride solution for 28
days. The XRD diffraction peak of sample “carbonization
1d” shows that the content of FS remained unchanged after
carbonization for 1 day, but the hydration phase C3AH6
began to appear. With the increase of exposure time, it can
be seen that the peaks of both FS and C3AH6 were obvi-

F IGURE 6 PXRD patterns for chloride binding mechanism in
C8A6P’s hydration product under hydration ages, external chloride
ions immersing and carbonation process

ously weakened, and a visible amount of AH3 and CaCO3
are formed from the relative XRD peak results. From the
above, it can be inferred that the peak intensity decreases
in the CA group of the FS was attributed to carbonation,
which is consistent with previous reports.42–44
In contrast, Figure 6 shows the XRD diffraction pattern

of C8A6P after the same treatment. It can be seen that there
is no obvious PFS peak on the first day of contactwith chlo-
ride ions for the 28-days-hydration product, and the visible
PFS peak cannot be found until the third day of Cl– expo-
sure, which indicates that in the early stage, the hydration
product of C8A6P cannot quickly bind chloride ions. How-
ever, with an increase of exposure time in the chloride solu-
tion, more PFS were formed. At the same time, the XRD
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F IGURE 7 Derivative thermogravimetric (DTG) patterns of
the hydration production for C8A6P and calcium aluminate (CA) at
1 day, 7 days, 14 days, and 28 days in 1 M admixed NaCl. Dotted lines
represent the hydration products of C8A6P, 1 day (blue), 7 days
(shadow green), 14 days (green), and 28 days (red), while straight
lines represent the hydration products of calcium aluminate (CA), 1
day (yellow), 7 days (grey), 14 days (purple), 28 days (brown)

peak corresponding to PFSwas not weakened significantly
after 28 days carbonization,which indicates that the hydra-
tion product of C8A6P is more stable in facing chloride
ions, which explains the results of Figure 4. Consequently,
the likely reason for the effective immobilization of chlo-
ride ions in the hydration product of C8A6P comes from the
introduction of phosphorus into the crystal structure of FS.
From the above results, it was justified that good chlo-

ride binding stability for C8A6P originates from different
properties of the FS. However, in wide-angle scanning
of XRD patterns it is hard to distinguish the differences
between the two types of crystals—FS and PFS. Thus, the
DTG pattern of products for the newly found PFS is shown
in Figure 7.
Figure 7 shows the DTG curves of CA and C8A6P’s

hydration products, where the decomposition temperature
of CAH10, C2AH8, and C3AH6 is higher than phosphorus-
doped hydration products C(A,P)H10, C2(A,P)H8, and
C3(A,P)H6 by ∼ 50◦C. The weight-loss peak at around
300–325◦C is attributed to the dehydration of FS in hydra-
tion products of CA,45 while much of this kind of weight-
loss peaks were not found in hydration products of C8A6P,
which are left-shifted ∼50◦C, which is the same trend of
the other hydration products dehydration temperature
and might overlap with the weight-loss peak of C2(A,P)H8
and C3(A,P)H6. In order to explain that the weight-loss
peak of PFS is overlapped rather than disappeared, it can
be seen from Figure 6, which shows the XRD peak of this
sample (hydration products of C8A6P in 14 and 28 days)

at an angle (2θ) of 11.161◦ (d = 7.9340 Å, corresponding to
the main peak of (P)FS). Therefore, the DTG results imply
that the PFS is existent, rather than being the original
FS.
Additionally, the free chloride ions could be bound by

the hydration product. Lower Ca/Al ratios hydration prod-
ucts have the relative low decomposition temperature.28
From Figure 7, the weight-loss peak of the metastable
phase CAH10 and C(A,P)H10 both decreased with the
hydration age prolonging (also the increase of carbonation
degree), which indicates that the CAH10 and C(A,P)H10
were decomposed as the curing age increased. And the
overlapped weight-loss peaks of C2(A,P)H8, C3(A,P)H6
are both shifted to the right with increasing hydration
age, in which the weight-loss temperature of C3(A,P)H6
is ∼60◦C higher than C2(A, P)H8. This indicates that the
low-calcium type (e.g., C(A,P)H10, C2(A,P)H8) hydra-
tion products were converted into the high-calcium
type hydration products (e.g., (P)Fs, C2(A,P)H8 and
C3(A,P)H6). As a result of this process, free chloride ions
might react with the low Ca/Al hydration products to
form the thermodynamically stable phase, (P)FS, which
makes the conversion of (P)FS a complex and consecutive
process.
The two-phase FS and PFS have a different decompo-

sition temperature as the DTG results (Figure 8) show
before, while the XRD patterns (Figure 7) actually could
not clearly show the obvious shift of PFS by FS of the
diffraction peak of 11.2◦ (2θ). To further validate the
existence of PFS, in situ-HTXRD was applied to observe
the two different temperatures of these two phases, as
shown in Figure 8. It can be seen that the decomposition
temperature of FS is around 287◦C, while the decompo-
sition temperature of PFS is higher than FS, reaching
319◦C, which shows the two different properties as the
different intrinsic decomposition temperature, though,
the different crystal structure and properties of the two
phases.
For the system of C8A6P, a more stable PFS salt may

be generated in the hydration process as the previous
hypothesis. In order to verify the existence of PFS using
another technique, we carefully looked for FS and PFS
phases in the hydration products of CA and C8A6P that
were immersed in the Cl– solution. In this process, SEM
and EDS were employed. As shown in Figure 9, it can be
seen that the morphology of FS and PFS grew as a hexag-
onal thin sheets in the electron microscope images where
FS and PFS exist, which is the same as the morphology of
FS that has been widely reported previously. In addition,
as the EDS results shows, the PFS salt generated by chlo-
ride ions encountered in the CA containing phosphorus
element contains abundant phosphorus element, confirm-
ing the existence of FS containing phosphorus, namely
PFS.
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F IGURE 8 In situ high-temperature X-ray diffraction (HTXRD) patterns of Friedel’s salt (FS) (001) facet (A) and phosphorus-modified
Friedel’s salt (PFS) (001) facet (B) and their corresponding three-dimensional (3D) X-ray diffraction (XRD) transform diagram

F IGURE 9 Scanning electronic microscopy (SEM) and energy
dispersive spectroscopy (EDS) images of Friedel’s salt (FS) and
phosphorus-modified Friedel’s salt (PFS)

3.2 Density functional theory study

In Section 3.1, it was justified that chloride ions are sta-
ble in the hydration products of C8A6P. To further under-
stand this, DFT calculations were performed to measure
the chemical activity and stability of crystals, as is becom-
ing popular in recent years with increased use of model
prediction.46–51 In order to provide an explanation that
chloride ions can be stably bound in phosphorus-doped
samples, widely-employed52–55 Fukui function56,57 as a
reactivity descriptor was used to illustrate the stability in
the two bulk PFS and FS, respectively.
The Fukui function is described as Equation (7):

𝑓(𝑟) = [(𝜕𝜌 (𝑟)) ∕ (𝜕𝑁)]𝑣(𝑟), (7)

where r is the distance in real space, ρ is the electron den-
sity, and Nv(r) is the number of the electrons under a con-
stant potential field.
The easier the polymorphs are to be ionically attacked,

the higher the Fukui function value is. An approxima-
tion was defined as f−(r)≈ρHOMO(r) with respect to elec-
trophilic attack and f+(r)≈ρLUMO(r) to describe nucle-
ophilic attack. However, in the bulk crystal, the VBM
and the CBM are approximately represented as highest
occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO).58 Chemical reactions
commonly comprise the excitation of electrons from their
LUMO to HOMO. Considering the bulk system, the LDOS
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F IGURE 10 LDOS of the valence band maximum (VBM) in
real space projection for (A), (B) Friedel’s salt (FS) and phosphorus-
modified Friedel’s salt (PFS). The red vertex represents O, atoms in
green represents Cl

of VBM and CBM as the system reactivity information
providers were drawn in Figure 10.
The results (Figure 10A) clearly show that the electron

density of VBM around the O atoms made the O atoms
lose their electrons easier, thus FS are more susceptible to
electrophilic attack, while the electron (Figure 10B) that
was primarily localized on the impurity P atoms, not on O
atoms, where the decrease of electron density on O atoms
made O atoms not vulnerable to electrophilic attack by
cations. As for Cl atoms, although the distribution of the
VBM in PFS (Figure 10B) was localized on the Cl atom,
the electron density of VBM was asymmetrically changed
compared to that in FS,where themajority of Cl 2p-orbitals
had a tendency to interact with the P frontier orbitals of
VBM, while some of Cl atoms charged in a low concentra-
tion or even lost their electrons. The discrepancy between
the two bulkVBMdistribution shows that the lower charge
density localized on Cl in the PFS makes the localized Cl
atoms in PFS resistant to electron loss. Therefore, the PFS
is more stable to electrophilic attack. For the lowest CB of
the two crystals, as shown in Figure 11, the LDOS of CBMs
for FS and PFS were not significantly changed, indicating
the introduction of phosphorus primarily affecting the dis-
tribution of LDOS for the VBM.
For a deeper understanding of the origin of the intrinsic

electronic structures shown in Figures 10 and 11, the TDOS
and PDOS for PFS and FS were calculated. As shown in
Figure 12, the contributions near the Fermi level primar-
ily come from O atoms both in PFS and FS, where there
the peak position closest to the Fermi energy of PDOS in
PFS (−0.35 eV) is approximately 0.02 eV lower than that
in the FS (−0.33 eV), which explains the different frontier
charge difference in Figure 10. The peak position closest to
the Fermi level (0 eV calibrated in Figure 13) for Cl atoms
in PFS of the PDOS decreases at a lower energy by about
0.21 eV. The significant difference for the most occupied

F IGURE 11 LDOS of the conduction band minimum (CBM)
in real space projection for (A), (B) Friedel’s salt (FS) and
phosphorus-modified Friedel’s salt (PFS)

energy levels nearest to the Fermi level for Cl can change
the chemical activity between the two polymorphs, which
indicates that the Cl atom in the FS crystal was more likely
to be ionically attacked than that in the PFS.
The peak position of PDOS for O closest to the Fermi

level in PFS is slightly lower than the energy in FS
because of the difference in the electron distribution of O
which directly coordinated with the P atom (Figure 10).
In the TDOS (Figure 12) diagram, although the difference
between the front orbits in PFS and FS is negligible (0.02
eV), this small difference may come from the difference in
the frontier band energy of O coordinated with P, which
may significantly affect the stability of the polymorphs. To
confirm that this difference is determined by the density
of several key O atoms, we calculated and visualized the
magnified PDOS diagram for several selected O atoms in
the [P–O] pairs (coordinatedwith P) in PFS, and compared
with the PDOS of O atoms in the [Al–O] pairs (coordi-
nated with Al) of the same position in FS. Figure 14 shows
three selected and representative O atoms in FS which are
coordinated with an Al atom, FS-O9, FS-O10, and FS-O11,
which have closer gaps of frontier peaks position to the
Fermi level than that in PFS. That is, the peak positions
of PDOS for PFS-O32, PFS-O37, and PFS-O42 atoms were
left-shifted when compared to those selected atoms in FS,
which reveals that P can make the O atoms in the [P–O]
pairs less likely to be electrophilic stable.
The change in the chemical reaction activity of the sys-

tem often depends on the change of the chemical bond in
the system, to further investigate the effect of the impurity
P element on the electronic structure of FS and PFS, the
ELF was calculated and visualized in Figure 15. The ELF
depicts a clear separation between the core and valence
electron, and also shows covalent bonds and lone pairs,59
which is a powerful tool for investigating the nature of
the chemical bond and the electron in the neighborhood
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F IGURE 1 2 Total density of states (TDOS) and partial density of states (PDOS) on each element near the Fermi level. Top: Friedel’s salt
(FS) ; Bottom: phosphorus-modified Friedel’s salt (PFS)

F IGURE 13 Partial density of states (PDOS) projected on Cl of
Friedel’s salt (FS) and phosphorus-modified Friedel’s salt (PFS)

F IGURE 14 Magnified selected atoms partial density of states
(PDOS) for O of Friedel’s salt (FS) and phosphorus-modified
Friedel’s salt (PFS). Dash-dotted line: FS; solid line: PFS
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F IGURE 15 Electron localization function (ELF) slice for
supercell Friedel’s salt (FS) (001.78) and phosphorus-modified
Friedel’s salt (PFS) (001.78), the top panel is its corresponding slice
position in the supercell in real space

space, and it is provided by Equations (8)–(11):

𝐷𝜎(𝑟) = 𝜏𝜎(𝑟) −
1

4

(∇𝜌𝜎(𝑟))
2

𝜌𝜎(𝑟)
, (8)

𝐷0
𝜎(𝑟) =

3

5
(6𝜋2)2∕3𝜌

5∕3
𝜎 (𝑟), (9)

𝜒𝜎(𝑟) =
𝐷𝜎(𝑟)

𝐷0
𝜎(𝑟)

, (10)

ELF(𝑟) =
1

1 + 𝜒𝜎(𝑟)
, (11)

whereDσ(r) is the contribution due to fermions; ρσ(r) is the
electron spin density; τσ(r) is the kinetic energy density;
and χσ(r) a dimensionless localization index that expresses
electron localization for the uniform electron gas.
These ELF (Figure 15) maps reveal the difference in the

origin of the chemical bonding differences between FS and
PFS. The colder the area in the ELF map, the higher the
degree of delocalization of electrons. The same height was
chosen for ELFmapping slices in the z-axis direction of FS
and PFS, and the slices pass throughO atoms directly coor-
dinated with the impurity P atoms. In the PFS ELF slice
map, it can be seen that the electrons of the oxygen atom
that coordinates with P have delocalized, and significantly
interact with the electrons of P, demonstrating the covalent

nature of the P–Obond in PFS.However, theELF slicemap
for the Al element in FS that is in the same position in PFS
for P does not interact with O obviously, showing certain
ionic bond properties. The covalent effect of [P–O] pairs
reduce the activity of O atoms, and then lowers the energy
of the highest occupied VB, making the selected O atoms
PDOS peaks closest to the Fermi energy left-shifted in the
P-doped samples, as shown in Figure 14. The peak position
closest to the Fermi level of O in one of the [P–O] pairs is
lower than that of an [Al–O] pair in FS. Thus, the distinct
difference between FS and PFS in the chemical bonding
aspect provides a further understanding that the stability
of PFs is higher than that of FS.

4 CONCLUSIONS

In this paper, the chloride binding stability of the hydration
product of C8A6P andCApastes were comparatively inves-
tigated, and the following conclusions can be drawn:

a. The hydration products of C8A6P pastes are more sta-
ble in chloride binding than hydrated CA pastes under
atmospheric CO2 surroundings.

b. The existence of the newmineral PFS in C8A6P’s hydra-
tion productwas justified by theXRDpatterns andDTG
curves.

c. The existence of the newly discovered PFS phase is the
main reason for hydration product of C8A6P less likely
to be carbonated.

d. The origin of excellent anti-carbonation nature for PFS
was investigated by DFT calculations: the introduction
of impurity P element make the VB LDOS electrons
localized around P atoms, and lower the VB PDOS peak
energy forCl andO (in the [O–P]) by about 0.21 and 0.05
eV, respectively.

e. The reason why the impurity P element can signifi-
cantly reduce the energy of the VB LDOS of the O atom
is P can covalently coordinate with its coordinated O
atoms.

Outlook: This article introduces the idea that doped P
covalently coordinated with oxygen in FS can significantly
improve the chloride binding stability, which provides a
guide for the synthesis of materials with high chloride
binding stability.
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