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Supplementary Information
Improved performance of poly(vinyl pyrrolidone)/phosphonated poly
(2, 6-dimethyl-1, 4-phenylene oxide)/graphitic carbon nitride
nanocomposite membranes for high temperature proton exchange

membrane fuel cells

Degree of phosphonation (DP) of PPO

The level of phosphonation of PPO was 42.36 % calculated from the data of 'H-
NMR. The degree of phosphonation (DP) was calculated from the average area B for
six protons of (CH3;CH,0),- at 1.2 ppm and C for four protons of (CH3;CH,0),- at
4.02 ppm. The integral (A) of the signal at 6.5 ppm represents two protons of the
aromatic proton ring in each repeating unit of the PPO. The areas for one proton of
the phosphonate pendent would then equate to B/3 or C/2. The average area i.e. (1/2)
{(B/6) + (C/4) } would then equal to a single phosphonate pendent. Since the area for
a single proton at 6.5 ppm is A/2, the degree of phosphonation (DP) was then
obtained by the following !:

P_(l/2){(B/6)+(C/4)}
- Al2

The miscibility of PVP and pPPO

The miscibility of two polymer requires the components to form the homogeneous
system, and its characteristic is that the glass-transition temperature (Tg) of the
polymer blend is only one value, equivalent to fully compatible. If the polymer
blending components both are amorphous, the blend membrane is transparent. Fig. S1
shown the photographs of the undoped and PA doped blend membrane and composite
membrane. Fig. S2 (a) shown the DSC curves of PPO and derivatives. PPO and
BPPO had a high glass-transition temperature (Tg) because of the rigidity of the
polymer backbone. The Tg value of PPO with phosphonated side chain lowered due
to the plasticizing effect 2, but the pPPO did not show any Tg in acid form. The
absence of glass-transition for the polymer with phosphonic acid is commonly
observed 2. Fig. S2 (b) shown the DSC curves of PVP, pPPO and the blend
membranes. The Tg value of PVP was about 180 °C. And the DSC curves of the
PVP/pPPO blend membranes revealed the evanescence of glass transition with
increasing the content of pPPO. So the results of DSC cannot show the miscibility of
PVP and pPPO.
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Fig. S1. Photographs of (a) 70%PVP/pPPO, (b) 70%PVP/pPPO/ g-C3N4 (5%), (c) PA doped
70%PVP/pPPO, (d) PA doped 70%PVP/pPPO/g-C3N,4 (5%).
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Fig. S2. DSC curves of (a) PPO and derivatives, (b) PVP, pPPO and the blend membranes.

If two kinds of polymer have very poor compatibility, the blend will present
macro-phase separation, even appear stratified phenomenon, so being difficulty to the
practical application. Fig.S3 shown the TEM micrographs of 70%PVP/pPPO and
70%PVP/pPPO containing 1 wt.% g-C;N4. The nanostructure without macro-phase
separation of the blend indicated that PVP and pPPO had a relatively good
compatibility. The g-C;N4 was also well dispersed in the blend polymer and
individual nanosheet was observed at high magnification.



Fig. S3. TEM morphology of (a), (b) 70% PVP/pPPO and (c), (d) PVP/pPPO/g-C3N,4 (1 wt.%).

Fig. S4. TEM morphology of 70% PVP/pPPO/g-C;N,4 (5%) (a), (b) and (10%) (c), (d).

Fig. S5 shown the XRD patterns of pPPO, PVP and PVP/pPPO blend membranes.
The broad peaks for the pPPO and PVP indicated that they both were amorphous
polymers. For the PVP/pPPO blend membranes, the PVP peaks covered the pPPO
peaks due to the weak intensity. It stated that PVP and pPPO still maintained the
amorphous structure.
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Fig. S5. XRD patterns of pPPO, PVP and PVP/pPPO blend membranes.

Acid doping level (ADL)
The PVP/pPPO blend membranes were immersed into 85 wt.% phosphoric acid (PA)
at 80 °C for 24 h, then the PA doped membranes were taken out and wiped the PA on
the surface with filter papers. The acid doping level (ADL) is defined as the moles of
PA absorbed by per mole of PVP repeating unit. The ADL was calculated as below:
W W) My,

Wap @ M pypy

where Wes and W are the membranes weights after and before PA doping treatment,
& is the content of PVP in the blend membrane, M po, is the molecular weight of

H3POA4. M pypu is the molecular weight of PVP repeating unit.
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Fig. S6. Acid doping level of PVP/pPPO blend membranes at different PVP content.
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Fig. S7. PA uptake as a function of immersion time for PVP/pPPO blend membranes.

Table S1 Water uptake, PA uptake and acid doping level (ADL) of PVP/pPPO blend membranes.

WU (%) PA uptake (%) ADL

20%PVP 7.44 +0.8 101.36 +6.4 5.74 +0.36
30%PVP 19.78 +2.5 158.37 +10.8 5.98 +0.41
40% PVP 38.32 +2.0 216.30 +14.2 6.12 +0.40
50%PVP 59.04 +46 278.58 +18.7 6.31 +0.42
60% PVP 74.95 +6.4 364.43 +20.1 6.88 +0.38
70%PVP 130.29 +10.1 485.38 +19.5 7.85 +0.31
80%PVP 270.61 +18.2 606.72 +23.7 8.59 +0.34




Table S2 Dimensional change of PVP/pPPO blend membranes after PA doping

Swelling ratio

t (%)

L (%)

W (%)

V (%)

30%PVP 27.83 (£3.85)  31.74(+4.21)  31.58 (#3.87)  125.54 (£10.23)
40%PVP 30.06 (£4.23)  33.05(+£3.84) 3233 (24.03)  143.74 (£13.74)
50%PVP 3223 (+£3.78)  35.80(£5.31) 3426 (x4.93)  177.17 (£12.67)
60%PVP 35.18 (£4.69)  38.97 (#4.72)  37.79 (+5.36)  190.91 (+16.38)
70%PVP 39.03 (£5.37) 4243 (£5.53)  41.15(x6.28)  237.39 (£19.59)

Characterization of g-C;Ny

The morphology of g-C;N4 was investigated by FE-SEM and TEM. The
sample of g-C;Nypowder for SEM was placed on the conductive tape and the
redundant particles were blew away with arubber suction bulb. Then the
sample was observed after having been coated a layer of gold. The sample for
TEM was prepared by an ethanol solution of g-C;N4 dripping on an ordinary
carbon film. Fig. 3 shows the SEM (a), TEM (b) images and XRD (c) pattern of
g-C3Ny. It could be seen that the g-C;N4 had the lamellar structure and small
size. The g-C;N4 displayed aggregated morphology which contained small
crystals with diameters of 60-400 nm. The selected area electron diffraction
indicated that the g-C;N4 powder were crystalline particles with d = 0.336 nm
matched the (0 0 2) crystallographic plane of g-C;N4, (JCPDS 87-1526). The
result of XRD pattern also confirmed the crystal structure of the g-C;N4 powder,
which had two XRD peaks at 27.4°and 13.1° for (0 0 2) and (1 0 0) diffraction
planes .
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Fig. S8. The (a) SEM, (b) TEM images and (c) XRD pattern of g-C;N,.

Table S3. Mechanical properties of PA doped PVP-pPPO nanocomposite membranes.

Tensile strength Young’s modulus Maximum elongation
Samples
(MPa) (MPa) (%)
70%PVP-pPPO 1.49 8.76 18.43
1%g-C5Ny 3.25 13.60 35.87
3%g-C3Ny 435 16.97 48.14
5%g-C3N, 6.48 23.93 98.44
7%g-C3Ny 5.78 27.87 62.45

10%g-C5N4 4.92 23.47 54.63
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Fig. S9. XRD patterns of (a) g-C5Ny4, 70% PVP/pPPO blend and nanocomposite membranes. (b)
PA doped 70% PVP/pPPO blend and nanocomposite membranes.
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Fig. S10. Arrhenius-type temperature-dependent proton-conductivity behavior of the membranes.



Table S4. Comparison of proton conductivity with several PA doped membranes.

Membranes PA uptake c Temperature RH%  Reference
(Wt.%) (Sem™) °C)

70% PVP/pPPO 485 (7.85) 0.061 180 0 This work
PBI 200 0.042 180 5 7
PBI (6.5) 0.033 120 20 8
PVP/PES ©.1) 0.210 180 0 9
PES-PVP/PTFE 560 0.260 180 0 10
pPSU/PBI 210 0.038 170 25 11
PBI/PBI-BP 263 0.065 160 0 12
PEEK/PBI 277 0.081 200 0 13
SPEEK/PU 346 0.030 160 0 14

PVP/pPPO/g-CsN4 (5%) 471 (7.62) 0.074 180 0 This work
PBI/ (MWNT-poly(NaSS)) (14.7) 0.051 160 0 15

(0.3 wt%)
PBI /(MWNT-imidazole) (14.3) 0.043 160 0 15
(0.3 wt%)

PBl/clay (15%) (8.9) 0.065 180 5 8
PBI/SrCeO; (8%) 190 0.105 180 0 16
PBI/ILGO (5%) 3.5) 0.035 175 0 17
QPEEK/GO (7%) 193 0.075 200 0 18

* The value in the parenthesis refers to the PA doping level.
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