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Fig. S1. SEM images of PGM prepared from the as-formed PGH: a) by the freeze-

drying method, showing disordered structures; b) by the freeze casting method, 

showing long-range ordered structures.
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Fig. S2. SEM images of PGM prepared by the freeze casting method with different 

experimental parameters: a, b) PGM-1-12; c, d) PGM-1-16. 
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Fig. S3. SEM images of PGM prepared by the freeze casting method with different 

experimental parameters: a, b) PGM-1-30; c, d) PGM-2-24; Both samples exhibite 

small pore size and disorder structures.
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Fig. S4. The optical photographs of PGH and PGM with different experimental 

parameters.
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Fig. S5. FTIR spectra of GO and PGM
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In general, the materials will exhibit mixed proton/electron conductivity when 

proton carriers are introduced into electronic conductors.1-5 In the current work, the 

phosphate groups (proton carriers), which are able to construct interconnected 

hydrogen-bond networks for proton transport, were introduced into reduced graphene 

oxide (rGO) interlayers (electronic conductors). Therefore, the resulting 

phosphorylated graphene monolith (PGM) was expected to have mixed conductivity. 

The PGM with electron conductivity can be understood easily, since rGO is an 

electronic conductor. To provide a direct and solid proof for proton conductivity of 

phosphorylated graphene monolith, the hydrogen fuel cell performance using PGM as 

the proton-exchange membrane material and complex impedance analyses were carried 

out, as discussed in the following sections.

In hydrogen fuel cells, hydrogen is dissociated into electrons and protons at the 

anode. The protons must be transported to the cathode through a membrane (proton 

conductor), and the rejected electrons flow through the external circuit, which results 

in electronic power output. That means if the protons cannot be transported from anode 

to cathode, there will no electronic power output. Accordingly, the membrane should 

be proton-conducting and electron-insulating. 

Phosphorylated graphene films (PGF) were sandwiched between two Nafion® 

membranes (commercial proton-conducting membrane) to make a composite 

membrane, denoted as Nafion-PG film-Nafion (N-PGF-N) (Fig. S6a, b). The N-PGF-

N composite membrane is electron-insulating, because the Nafion® membrane is unable 

to transport electrons. If the N-PGF-N composite membrane is proton-conducting, we 

can deduce that the PGF is a protonic conductor. 
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Fig. S6. Schematic illustration of sandwiched membrane (a); the optical photograph of 

sandwiched membrane (b) and membrane electrode assembly (c).

Fig. S7. H2/O2 fuel cell with Nafion-PG film-Nafion composite membrane.

Then, we made a membrane electrode assembly (MEA) using the N-PGF-N 

composite membrane (Fig. 6c). The H2/O2 single cell performance of N-PGF-N 

composite membrane was tested at 60 oC under 100% RH (Fig. S7). The polarization 

curves and power density curves were shown in Fig. S8. The maximum power density 

of the fuel cell with N-PGF-N composite membrane is ~70 mW cm-2, which indicated 

that the N-PGF-N composite membrane is proton-conducting. Therefore, the PGF is a 

protonic conductor. To make a clearer clarification of the proton-conducting feature of 

PGF, the rGO film was also sandwiched between two Nafion® membranes to fabricate 

a Nafion-rGO film-Nafion (N-rGOF-N) composite membrane (Fig. S9a), and then we 

tested the H2/O2 single cell performance (Fig. S9b). As shown in Fig. S8, an ultralow 
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power density (~1 mW cm-2) could be found, because the N-rGOF-N composite 

membrane has very low proton conductivity. Besides, this obvious current flow 

indicates that rGO has contribution to the proton conductivity of the PGM as well. The 

proton-conducting feature of rGO may be attributed to the remaining oxygen-

containing groups on rGO surface, which endows rGO with additional proton transport 

sites.6, 7
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Fig. S8. Single cell performance of the Nafion-PG film-Nafion and Nafion-rGO film-

Nafion composite membrane.
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Fig. S9. Schematic illustration of sandwiched membrane using rGO films.

In addition, the conduction behavior of PGM and rGO was investigated by two 

probe electrochemical impedance spectroscopy (EIS) using an impedance/gain-phase 

analyzer (PARSTAT4000) in the frequency range from 1 MHz to 0.1 Hz with a voltage 

amplitude of 10 mV. Two platinum sheets are attached on the both sides of the sample 

by conductive silver ink and the samples were set in a thermostatic and humidistatic 

chamber (90%RH and 35oC). The Nyquist plot and bode plot of PGM are shown in Fig. 

S10a, b, which confirms that PGM is a mixed electron/proton conductive material.8, 9 

The equivalent circuit of this mixed conductor can be simplified as a parallel 

combination of electronic resistance (Re), and protonic resistance (Rp), which is in 

serial with a capacitor (C). In this case, the intersection of high frequency line with the 

real axis corresponds to the parallel of electronic and protonic resistance 

(RpRe/(Rp+Re)), and the intersection of low frequency is the electronic resistance (Re). 

Fig. S10c, d exhibits the typical electrochemical impedance spectra of rGO in the form 

of Nyquist plot and bode plot, respectively. The Nyquist plot of rGO gives an inductive 

line indicating that rGO is almost an electronic conductor with a little proton 

conduction.6-8
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Fig. S10. Nyquist plot (a) and bode plot (b) of PGM; Nyquist plot (c) and bode plot 

(d) of rGO.
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Fig. S11. Nyquist plots (by AC measurement techniques) of PGM with different 

experimental parameters: a) PGM-0.5-12; b) PGM-1.0-12; c) PGM-2.0-12; and d) the 

corresponding I-V curves by two-probe DC method at 90% RH and 35 °C. According 

to the equivalent circuit, the intersection of the high frequency line with the real axis 

was the resistance of the proton resistance and electron resistance in parallel ( ), 
×
+

e p

e p

R R
R R

and the intersection of the low-frequency line with the real axis was the electron 

resistance ( ). The electron resistances of PGM obtained by I–V curves and Nyquist eR

plots are quite close.
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Table S1 P and O contents of PGM-1-y with different reaction time (results from XPS)

Reaction time (h) 0 8 12 16 24 30

P (wt%) 0 6.6 9.3 9.8 10.1 10.1

O (wt%) - 27.5 42.1 42.2 40.1 40.1

the ATMP plays two roles in the reaction: 1) introducing phosphate groups into 

the materials, which can offer the material with proton-conducting feature; 2) at the 

same time, reducing graphene oxide. The graphene oxide can be reduced by the tertiary 

amino groups in ATMP during the hydrothermal reaction, resulting in an enhanced 

electron conductivity.10-12 As shown in Fig. S12, the GO solution is gradually reduced 

into rGO under 90oC, showing an increasing electron conductivity with reaction time 

(from 4 to 24h, Fig. S13). In addition, the triethylamine (the chemical structure of 

triethylamine is very similar to ATMP) is used to investigate the reduction process of 

GO (Fig. S14). The electron conductivity of Tri-rGO films increases with the reaction 

time, and the value can reach 0.32 S cm-1 after 24h, as shown in Fig. S15. These two 

experiments suggests that the GO solution can be highly reduced by ATMP in the 

system, which indicates that the reaction with ATMP can introduce electronic 

conduction.
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Fig. S12. The optical photograph of thermally reduced graphene oxide (Thermal-rGO) 

aqueous solution at various reaction times and the corresponding Thermal-rGO films.
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Fig. S13.The electron conductivity of Thermal-rGO films at various times.
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Fig. S14. The optical photograph of reduced graphene oxide aqueous solution by 

triethylamine (Tri-rGO) at various reaction times and the corresponding Tri-rGO 

films.
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Fig. S15.The electron conductivity of Tri-rGO films at various times.
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Fig. S16. The EDX mapping of C, N, O and P elements in the PGM.
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Fig. S17. a) XRD patterns; b) Raman spectra and c) ID/IG values of PGM at different 

reaction time.
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The typical diffraction peak of GO appeared at around 11o, corresponding to a d001 

spacing of 0.80 nm. At early stage (reaction time < 12h), no diffraction peaks of PGM 

were detected, suggesting that PG nanosheets were microscopically corrugated in the 

cell walls. Upon extending the reaction time (reaction time > 12h), a broad peak at 

around 23o (d(002)=0.39 nm) was observed. This result appeared to suggest that graphite-

like structure in each cell wall was formed only at the contacting points of corrugated 

rGO nanosheets via π-π stacking. The contacting points increased with the reaction 

time, presenting a slightly pronounced XRD peak at around 23o. These contacting 

points were in favor of the electron transport between the adjacent PG layers, which 

supported the enhancement of electron conductivity of PGM.

Figure S8b presented the Raman spectra of PGM at different reaction times. 

During the reduction process, ATMP was bonded onto rGO nanosheets and the 

structural defect led to an increased ID/IG ratio. Interestingly, the ID/IG value remarkably 

increased from 0.91 to 1.13 at first 12h, and then showed a little increase in ID/IG value 

from 1.13 to 1.16 for the next 12h. It indicated that the reaction between ATMP and 

GO seems to be completed in 12h. This result was in accord with the XPS data with a 

little change in P contents of PGM after 12h (Table S1). XPS, XRD and Raman results 

suggested that at early reduction stage, phosphate groups were gradually introduced in 

PGM until the reaction between ATMP and GO was accomplished. The phosphate 

groups in PGM provide more proton transport sites. Consequently, the PGM presented 

a higher proton conductivity than electron conductivity. Extending reaction time only 
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led to the further reduction of GO, which significantly enhanced the electron 

conductivity of PGM.
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Table S2 Comparison of the mixed conductivity of the present PGM and other 
graphene-based MIEC.

Materials
Proton conductivity
(S cm-1)

Electron conductivity
(S cm-1)

Ref.

Chemical reduced GO — 10-1–102 [13]
3×10-4 (25 oC, 30%RH) —

Ozonated GO film
2.5×10-2 (25 oC, 95%RH) —

[14]

2.0×10-2 (22 oC, 100%RH) —
Sulfonated GO film

5.8×10-2 (55 oC, 100%RH) —
[15]

Single-layer GO ~10-6 (25 oC, 60%RH) —
Multilayer GO ~10-4 (25 oC, 60%RH) —

[16]

2.4×10-2 (25 oC, 60%RH) —Polyoxometalate-Modified 
GO monolith 1.0×10-2 (80 oC, 60%RH) —

[17]

GO film 2.8×10-2 (25 oC, 88%RH) — [18]
GO bulk sample ~10-7 (27oC, 98%RH) — [19]

3.0×10-2 (25 oC, 90%RH) 1.0×10-3 (25 oC, 90%RH)Reduced GO film 
intercalated SO4

-2 2.0×10-2 (25 oC, 90%RH) 2.0×10-2 (25 oC, 90%RH)
[20]

6.0×10-4 (25 oC, 90%RH) 6.0×10-4 (25 oC, 90%RH)
Photo-reduced GO film

~10-6 (25 oC, 40%RH) ~10-6 (25 oC, 40%RH)
5.0×10-5 (25 oC, 90%RH) 5.0×10-5 (25 oC, 90%RH)

Thermal reduced GO film
~10-8 (25 oC, 40%RH) ~10-8 (25 oC, 40%RH)

[21]

GO film 5.0×10-3 (90 oC, 100%RH) 7.4×10-3 (80 oC, 0%RH) [22]
Nafion/CNT membranes 1.0×10-3 (25 oC, 100%RH) 10-7–10-4 (25 oC, 

100%RH)
[23]

Perovskite-type oxides 10-6–10-3 (650 oC) 10-6–10-3 (650 oC) [24]
Oxygen functionalized 
few-layer graphene

8.7×10-3 (80 oC, 95%RH) 1.0×10-1 (80 oC, 95%RH) [25]

PGM-1-12 3.6×10-2 (80 oC, 60%RH) 1.2×10-1 (80 oC, 60%RH)
PGM-1-24 1.3×10-1 (35 oC, 98%RH) 2.56×10-1 (35 oC, 

98%RH)
PGM-2-16 8.5×10-2 (35 oC, 90%RH) 2.74×10-1 (35 oC, 

90%RH)
PGM-2-16 5.5×10-3 (35 oC, 40%RH) 2.74×10-1 (35 oC, 

40%RH)

This 
work
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Fig. S18. The stress–strain curves of PGM prepared via different initial GO solutions: 

(a) 2 mg mL-1, (b) 4 mg mL-1, (c) 6 mg mL-1, (d) 8 mg mL-1.
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Fig. S19. The stress–strain curves of PGM-1-12 during continuous cycling tests at 

various strains: (a) 40% of strain; (b) 60% of strain; (c) 80% of strain; (d) Changes in 

relative height of the PGM when repeatedly compressed to 40%, 60% and 80% of strain 

for 60 cycles; (e) The ultimate stress and strain loss coefficient for 50 cycles. Inset: the 

stress-strain curves of PGM-1-12 at a strain of 80% for 50 cycles.
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