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Properties of magnesium phosphate cement
as electrolyte for structural supercapacitor
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The properties of cement based on magnesium phosphate (MPC) were investigated; the
effect of various concentrations (8M, 6M and 9M) of alkalis LiOH, NaOH and KOH on the
internal resistance, ionic conductivity and compressive strength of the structural electro-
lyte was studied. The results show that MPC-K9 is the optimal structural electrolyte. The
maximum ionic conductivity of the MPC-K9 structural electrolyte was 16.85 mS-em™L,
which indicates its best electrochemical characteristics. An integrated structural superca-
pacitor is assembled with graphene electrodes and MPC-K9 structural electrolyte, and its
electrochemical characteristics have been measured. The cyclic voltammetry curve was
nearly rectangular in shape, indicating a typical double layer effect. The constructive
supercapacitor had a surface capacity 16.72 mF/cm? and a compressive strength 5.9 MPa.
The structural supercapacitor shows good stability and reversibility with 94.50 % capacity
retention after 3000 cycles. Thus, magnesium phosphate cement can be used in the field
of energy storage in buildings.

Keywords: magnesium phosphate cement, electrolyte, structural supercapacitors, com-
pressive strength, electrochemical performance.

BaactuBocri marnieBo-gocdaTHOr0 eMEHTy K €JeKTPONITY IS CTPYKTYPHOTO CyIep-
xoupencaropa. Zhou Changshun, Wang Qidong, YU Zhouping

Hocnimxeno BiacTuBocTi nemeHTy Ha ocHoBi docdary marnio (MPC), Boaume pismux
kouuenrpanin (3M, 6M ra 9M) ayrie LIOH, NaOH i KOH ua Buyrpimwuiii onip, iomny
npoBigHicTL Ta MIITHICTE Ha CTHCK CTPYKTYPHOTO eJeKTpoaity. Pedymbraru mokasamnm, Imo
onTuMaNbHUM cTpyKTypHUM enexrpoiairom € MPC-K9. MaxcumanbHa ioHHa npoBigHicTb
crpyrTypHOTrO enexrpority MPC-K9 cramoeuna 16,85 mCm-em !, mo Brasye ma fforo Hafi-
Kpamri ejekTpoximiumi xapakTepucTuiru. [HTerpoBaHU# CTPYKTYPHUH CYIEePKOHIEHCATOD
3ibpanuii 3 rpadeHOBUMU eJeKTpojaMu Ta cTPYKTypHuM ejnegrposairom MPC-K9, Bumipsmao
tioro emekTpoximiuni xapaxrepucruxu. Kpusa nurnaiunoil Bombrammepomerpii mae dopwmy,
GJIM3BKY [0 OPAMOKYTHOI, 1[0 BKadye Ha TUHoBUI edeKT moxBilfioro mapy. Konerpyxrus-
HUl CYIepKOHJeHCATOp Ma€ 3HAUYEHHS HoBepxXHeBol emmocTi 16,72 m®/cm? Ta mimmicTs Ha
cruck 5,9 MIla. KonerpyKiifinuili cynepKoHgeHCATOD IOKAa3ye Xopolly crabinbpHicTh Ta 06o-
poTHicTb i3 36epesxennam emuocTi 94,50 % micasa 8000 muxais. Takum umHOM, MarHiiidoc-
daTHUH I1IeMeHT MOKHA BUKOPHCTOBYBATHU Y Talysi HaKOIUUYeHHSA eHepril y 6GyZuUHKAaX.

Wccnenorans! cBolicTBa 1iemenTa Ha ocHoBe docdara maruusa (MPC), uccregoBano Bius-
HUe pasaudHbIX KoHueHTparui (3M, 6M u 9M) wemnoueii LIOH, NaOH, KOH ma BuyTpenzee
COIIPOTUBJIEHVE, NOHHYIO IPOBOJUMOCTL U IIPOYHOCTL HA CIKATHE CTPYKTYPHOIO SJIEKTPOJIU-
Ta. PesynbTarsl MOKasain, 4YTO ONTUMAJLHBIM CTPYKTYPHBIM djeKTposauTroM aBjisercsa MPC-
K9. MakcumanbHasa MoHHAS MPOBOAVIMOCTD CTPYKTypHOro snexrpoaura MPC-K9 cocraBuser
16,85 MCm-em !, uro yKashiBaeT HA €ro HAMIYUIINE SIEKTPOXUMUUYECKNE XAPAKTEPHCTHKI.
HMuTerprpoBaHHbIil CTPYKTYPHBIN CYNEePKOHASHCATOD COOpaH ¢ rpadeHOBBIMU SJIEKTPOLAMU U
cTpyKTypHbIM 3iekTposurom MPC-K9, umsmepeHbl ero sieKTPOXMMNUYECKUE XapaKTepPUCTU-
ku. KpuBas nurianueckoll BosbraMiepoMerpuu nmeeT GopMmy, GIMSKYI0 K OIPAMOYIOJILHOM,
UTO yKasbIBaeT Ha TUNWUYHBINA 3ddeKT aBoliHoro ciod. KOHCTPYKTUBHEBIN CyHepKOHAeHCATOD

Functional materials, 28, 4, 2021 803



Zhou Changshun et al. /| Properties of magnesium ...

UMeeT 3HAUEHIE ITOBEPXHOCTHOM emioctu 16,72 m®/cm? u mpounocrs Ha cixarue 5,9 MIla.
KoHceTpyKIIMOHHEIN CyIepKOHAZeHCATOD IOKA3LIBAET XOPOIIYID CTAGUILHOCTL U 06pPATUMOCTDH
¢ coxpanenneMm emiroctu 94,50 % mocie 3000 nurio. Taxum obpasom, maruuiidocdar-
HBII IIeMeHT MOYKHO HCIOJB30BAaTH B O0JIACTY HAKOIJIEHUA SHEPIrUU B 3ZAHUAX.

1. Introduction

Recently, with the global energy short-
age and pollution becoming more and more
serious, researchers have developed new en-
ergy storage systems (ESSs). Traditional
ESSs include batteries, dielectric capacitors
and supercapacitors [1, 2]. Batteries have
high energy density but low power density,
while dielectric capacitors can provide high
power density but limited energy density
[3—5]. The electrochemical performance of
supercapacitors are between batteries and
dielectric capacitors [6, 7]. However, the
relatively poor mechanical properties and
unsatisfactory energy density limit the ap-
plication of supercapacitors [8-10]. There-
fore, novel electrode materials and electro-
lytes can be designed to enable structured
supercapacitors to have the desired versatil-
ity. Among them, the structural electrode
materials must have excellent structural per-
formance and good electrochemical perform-
ance. In addition, structural electrolytes
should eliminate the tension between high
structural strength and a porous structure
that facilitates ion movement and storage.

Graphene is a two-dimensional (2D) carbon
material composed of a single layer of carbon
atoms [11, 12]. It has attracted great atten-
tion due to its high mechanical strength
(Young’s modulus 1.0 TPa) [13], large spe-
cific area (2680 m2.g 1) and excellent electri-
cal conductivity (108 S/m) [14, 15]. Stoller
et al. prepared a rGO based supercapacitor
with a high specific capacity [16]. Zhang et
al. successfully prepared a structured super-
capacitor assembled by graphene electrodes
with a specific capacitance of about 10 F.g~
1 [17]. Therefore, graphene is considered as
a potential electrode material for structur-
ing supercapacitors.

Magnesium phosphate cement (MPC) is a
cementious material based on acid-base neu-
tralization reaction [18, 19]. MPC is a kind
of high crystalline substance obtained as a
result of the reaction of neutralization with
acid and base when mixing raw materials,
such as MgO (magnesia, sea salt, salt water,
dolomite calcined), acid phosphate (KH,PO,,
K2HPO4, NH4H2PO4, (NH4)2HPO4), retarder
(sodium tripolylphosphate, boric acid, bo-
rate) and mineral admixture (fly ash, silica
fume, slag, bentonite) [20—-23]. MPC is espe-
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cially attractive as a structural electrolyte
material due to advantages of fast harden-
ing, high early strength, good volume sta-
bility, high frost resistance, high bond
strength and relatively high porosity which
greatly contributes to the ionic conductivity
of structural supercapacitors [24, 25].

In this paper, a novel multifunctional su-
percapacitor based on graphene and MPC
was synthesized. The MPC alkaline struc-
tural electrolyte is sandwiched by two con-
ductive graphene electrodes. The effects of
the variety and concentration of alkali on
the conductivity of the structure electrolyte
are studied, and the electrochemical and
mechanical properties of the integrated
structure supercapacitor are evaluated.

2. Experimental

The highly conductive graphene used in
this experiment was purchased from the In-
stitute of Coal Chemistry, Chinese Academy
of Sciences. Acetylene black, polyvinylidene
difluoride (PVDF), N-methylpyrrolidone
(NMP), LiOH, NaOH and KOH were pur-
chased from Aladdin Chemical Reagent Co.,
LTD. Magnesium oxide powder (MgO), lith-
ium dihydrogen phosphate (LDP) and borax
were purchased from Sinophenol Chemical
Reagent Co., LTD. MPC alkaline structure
electrolyte was prepared from MgO, LDP,
borax, LiOH, NaOH, KOH and deionized
water. All chemicals used in the test were
analytically pure.

2.1. Preparation of structural electrodes

Highly conductive graphene was mixed
with acetylene black and PVDF at the mass
ratio of 80:10:10, and completely ground in an
agate mortar. Then an appropriate amount of
NMP was added into the mixture. After uni-
form mixing, the resulting slurry was pasted
onto nickel foam, then compressed under the
pressure of 20 MPa and dried to obtain a thin
plate with a thickness of about 5.5 mm. The
total weight of the electrodes loaded on the
nickel foam was about 1 mg/cm.

2.2. Preparation of MPC basic structural
electrolytes

MPC alkaline structure electrolytes were
synthesized according to the ratios shown in
Table. The mass ratio of magnesium oxide
to LDP (M/P) is 4. The water cement ratio
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Table. Mixing ratios of alkaline structural electrolyte on magnesium phosphate cement (MPC) (g).

Sample MgO LDP Borax Water LiOH NaOH KOH
MPC-Li3 2 0.5 1.25 1 0.072 - -
MPC-Li6 2 0.5 1.25 1 0.144 - -
MPC-Li9 2 0.5 1.25 1 0.216 - -
MPC-Na3 2 0.5 1.25 1 - 0.12 -
MPC-Nab6 2 0.5 1.25 1 — 0.24 -
MPC-Na9 2 0.5 1.25 1 — 0.36 -
MPC-K3 2 0.5 1.25 1 - - 0.168
MPC-K6 2 0.5 1.25 1 — — 0.336
MPC-K9 2 0.5 1.25 1 - - 0.504

(W/C) of magnesia, LDP and borax is 0.32.
Borax/magnesia (B/M) is chosen as 0.3125
in order to reduce the setting rate. Three
kinds of alkali (LIOH, NaOH and KOH) were
added, and the concentration was adjusted
to 3M, 6M and 9M. The above mixture was
mixed evenly and poured into the mold with
a side length of 10 mm as the electrolyte
for the structural supercapacitor. The re-
mainder was placed in a cubic mold
(80x30x30 mm?3) for mechanical testing. All
samples were cured at a temperature of
20£1° and relative humidity of more than
90 % for 28 days. The final electrolyte
samples were labeled as MPC-Li3, MPC-Li6,
MPC-Li9; MPC-Na3, MPC-Na6, MPC-Na9;
MPC-K3, MPC-K6, MPC-K9.

2.3. Assembling the integrated structural
supercapacitor

The structure supercapacitor was assem-
bled by inserting two structural electrodes
into two ends of the MPC alkaline structure
electrolyte obtained above until the slurry
was harden. Its electrochemical performance
was measured after 28 days of curing.

24. Characterizations and test methods

The morphology of the MPC alkaline elec-
trolyte was characterized by a ZEISS Gemini
300 scanning electron microscope (SEM) at an
accelerating voltage of 0.02-30 kV.

All electrochemical analyses were per-
formed at the CHIG660E electrochemical
workstation (Chenhua Instruments, Shang-
hai, China). The cyclic voltammetry (CV)
tests of structural supercapacitors were car-
ried out with a scanning rate of 100 mV/S
and a voltage window of —-0.5 ~+ 0.5 V.
Electrochemical impedance spectroscopy
(EIS) tests were performed at open circuit
potential with a frequency range of 0.1 Hz
to 100 Hz. The areal capacitance of struc-
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tural supercapacitors was calculated accord-
ing to the constant current charge-discharge
curve (GCD). The ionic conductivity of the
MPC alkaline structure electrolyte can be
calculated by the following formula:

6 =d/SR,, (1)

where d is the distance between two elec-
trodes, S is the contact area between elec-
trode and electrolyte, and R, is the bulk resis-
tance of MPC alkaline structure electrolyte.
The area capacitance of structural super-
capacitor is calculated by the formula:

C=1-At/SAV. (2)

Here C is the surface specific capacitance
(F-cm™2), I is the current density (A-cm™2),
S is the area of the active substance (cm?2),

AV is the potential window (V), and At is
the discharge time (s).

The compressive strength of the MPC al-
kaline structure electrolyte was measured
on a JES 300 concrete compressive strength
tester (Wuxi, China) at the loading rate
2.4 kN/s. Three samples were prepared for
each group and tested under the same con-
ditions in order to ensure the accuracy of
the experimental results.

3. Results and discussion

3.1. Internal resistance and ionic conduc-
tivity analysis of MPC alkaline structure
electrolyte

The internal resistance of the structural
electrolyte should be kept as low as possible
in order to improve its ionic conductivity.
The internal resistance of the structural
electrolyte is determined by the intersection
point of the Nyquist curve and horizontal
axis in the high frequency region of electri-
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Fig. 1. (a—c) EIS spectra, (d) bulk resistances of the structural electrolytes with various contents of

MPC alkaline.

cal impedance spectroscopy. As can be seen
from Fig. 1, the resistance of the same type
of alkali gradually decreases with increas-
ing its concentration, that is: Rb (MPC —
Li3) > Rb (MPC — Li6) > Rb (MPC — Li9);
Rb (MPC — Na3) > Rb (MPC — Nab6) > Rb
(MPC — Na9); Rb MPC — K3) > Rb (MPC
— K6) > Rb (MPC — K9). At the same con-
centration, the internal resistance of MPC
added with KOH electrolyte was lower.
MPC-K9 exhibited the lowest internal resis-
tance (59.34 Q) among the nine electrolytes.
This may be attributed to the addition of
KOH electrolyte and more pores, which fa-
cilitates the diffusion of ions between the
electrolyte and the electrode.

Fig. 2 shows the ionic conductivity of
nine electrolytes. The ionic conductivity of
these electrolytes added with of LIOH in-
creased slightly with its concentration.
With an increase in the concentration of
NaOH electrolyte, the ionic conductivity has
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Fig. 2. Tonic conductivities of the structural elec-
trolytes with various contents of MPC alkaline.

doubled in comparison with the initial one.
Also, the ionic conductivity of electrolytes
added with KOH increased sharply with
KOH concentration. Therefore, the MPC-K9
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electrolytes with various MPC alkaline con-
tents.

electrolyte showed the highest ionic conduc-
tivity (up to 16.85 mS-cm™!), indicating
that the MPC-K9 electrolyte has the best
electrochemical performance and is expected
to be used as an ideal electrolyte for struc-
tural supercapacitors.

3.2. Mechanical properties of MPC alka-
line electrolytes

The compressive strength tests were used
to evaluate the mechanical properties of the
nine structural electrolytes as shown in
Fig. 3. The compressive strength of these
electrolytes fluctuated in the range of 4 ~
9 MPa, which indicated that the compres-
sive strength of these electrolytes remained
at a moderate level. Structural supercapaci-
tors must have both excellent electrochemi-
cal and mechanical properties. Therefore,
the MPC-K9 alkaline electrolyte with the
best electrochemical performance is selected
for further analysis when there is little dif-
ference in mechanical properties.

3.3. Microstructure characterization of
the MPC alkaline structure electrolyte

The morphology of MPC-K9 structural
electrolyte was analyzed using a scanning
electron microscope (SEM). As shown in
Fig. 4, the MPC-K9 structural electrolyte
was composed of irregular particles with
loose structure, and a large number of holes
with a diameter of 0.5-5 um were widely
distributed in the electrolyte, which can
provide sufficient channels for ion migra-
tion. Therefore, the ionic conductivity of
the MPC-K9 structural electrolyte is higher
than for others.
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Fig. 4. SEM image of MPC-K9 structural
electrolyte.

3.4. Electrochemical performance of as-
sembled structural supercapacitors

The integrated structural supercapacitor
was assembled as MPC-K9 structural electro-
lyte sandwiched between two graphene elec-
trodes. Cyclic voltammetry (CV), galvanostatic
charge-discharge (DSC), electrochemical imped-
ance (EIS) and cyclic stability of the structural
supercapacitor were measured. Fig. 5a shows
the CV curve of the structural supercapacitor
based on graphene and MPC-K9. It can be seen
that the curve obtained with the scanning rate
of 0.01 mV/s, has a spindle shape without
REDOX peaks, which indicates that the struc-
tural supercapacitor is a typical double layer
capacitor and has good electrochemical revers-
ibility. Fig. 5b shows the DSC curves when the
current density is 0.1 mA-cm 2, 0.2 mA-cm 2
and 0.8 mA-cm 2. The three charge-discharge
curves are triangular, indicating that the
structural supercapacitor is a typical double
layer capacitor. The area capacitance of the
structural supercapacitor can be calculated
based on the DSC curve by formula (2), and
the longer the discharge time, the larger the
area capacitance. Therefore, the area capaci-
tance of the structural supercapacitor de-
creases with current density, as shown in Fig.
5c. Moreover, the area capacitance reached the
maximum value of 16.72 mF-cm™2 at the cur-
rent density of 0.1 mA-cm™2. This may be due
to the addition of a high concentration of
KOH, which increases the number of charged
ions, accelerates the migration rate of ions,
and reduces the migration resistance of ions
between the electrode and the electrolyte.
Based on the resistance of the structural su-
percapacitor, as shown in Fig. 5d, the inter-
section point of impedance diagram and
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Fig. 5. (a) CV curve obtained at 0.01 mV/s scanning rate, (b) DSC curves at different current
densities, (c) area capacitance and (d) EIS spectrum of the structure supercapacitor based on

graphene and MPC-K9.

horizontal axis is the internal resistance of
structural supercapacitor. The smaller the in-
ternal resistance value, the higher the ionic
conductivity of the electrolyte and electrode.
According to Fig. 5, the internal resistance of
the structural supercapacitor was 156.7 Q.
The relationship between the area capaci-
tance and the number of cycles of the struc-
tural supercapacitor under the condition of
3000 charge-discharge cycles with the cur-
rent density of 0.1 mA-cm™2 is shown in
Fig. 6. It can be seen that the area capaci-
tance retention rate of the structural super-
capacitor was 94.50 % after 3000 cycles,
indicating that the structural supercapaci-
tor based on graphene and MPC-K9 has ex-
cellent cycling stability and reversibility. At
the same time, the structural electrode and
electrolyte material were stable and have
good durability during the cycle. Therefore,
graphene and MPC-K9 structural electrolyte
can be used as ideal energy storage materi-
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Fig. 6. Cycling stability of the structure su-
percapacitor based on graphene and MPC-K9
for 8000 cycles.

als, which can provide guidance for future
structural energy storage application re-
search.
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4. Conclusions

Thus, MPC alkaline structure electrolytes
were synthesized with MgO, lithium dihydro-
gen phosphate, borate, LIOH, NaOH, KOH and
deionized water as raw materials. The influ-
ence of different concentrations of three kinds
of alkali (3M, 6M and 9M) on the internal
resistance, ionic conductivity and compressive
strength of the structure electrolyte was stud-
ied; it was established that the optimal struc-
tural electrolyte was MPC-K9 electrolyte. The
microstructure characterization results show
that the MPC-K9 electrolyte was composed of
irregular particles with loose structure, and a
large number of pores with a diameter of 0.5—
5 um are widely distributed in the MPC-K9
electrolyte. These pores could provide suffi-
cient channels for ion migration. Therefore,
the ionic conductivity of the MPC-K9 electro-
lyte was the highest, reaching 16.85 mS-cm™1.
Thus, the MPC-K9 electrolyte demonstrates
the best electrochemical performance and can
be used as an ideal electrolyte for structural
supercapacitors. The MPC-K9 structural elec-
trolyte and graphene electrode were assembled
into an integrated structural supercapacitor.
The electrochemical performance analysis
showed that the CV curve was close to the
spindle shape, and there was no pseudo-capaci-
tance characteristic, indicating that it was a
typical double layer capacitor. In addition, the
DSC curves were triangular at the current den-
sity of 0.1 mA-cm™2 and the maximum area
capacitance was 16.72 mF-cm 2. EIS results
showed that the internal resistance of the
structural supercapacitor was 156.7 Q. The
structural supercapacitor showed good cycle
stability and reversibility. Its area capacitance
retention rate was 94.50 % after 3000 cycles
of charge and discharge at 0.1 mA-cm™2.
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