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Supplementary Figure 1. Characterization of P-GOM and GOM. a) Digital photo and b) SEM

image of P-GO obtained after freezing dry. ¢) Digital photo of a P-GOM peeled off from substrate.

d) Digital photo of a GOM on AAO substrate.
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Supplementary Figure 2. SEM images of the GOM. a) the wrinkled surface and b) stacking

cross-section of a GOM, the corresponding EDS maps indicated that nitrogen is barely existed on

GOM.
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Supplementary Figure 3. AFM image of GO, the thickness of GO sheet is about 0.8 nm.
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Supplementary Figure 4. ATR-FTIR spectra of the pure PNIPAM and the filtrate obtained when
the P-GOMs formed through the pressure-driven filtration, indicating no PNIPAM detached from
the P-GOM when it formed. The peak at 1640 cm™ in the spectrum of filtrate is attributed to the

bending mode of water?.
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Supplementary Figure 5. XPS Characterization of GO and P-GO. a) The survey scan XPS
spectra of GO and P-GO show the peak of N which is characteristic element of PNIPAM. The C/O
atomic ratio increased from 2.06 (GO) to 3.98 (P-GO) also supports the successful grafting of

PNIPAM chains onto GO sheets. b) XPS spectrum of GO, of which C 1s region fitting into four

peaks at 284.7, 286.8, 287.4 and 288.6 eV, representing C-C, C-O, C=0 and C(O)O, respectively.
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Supplementary Figure 6. Raman characterizations of GO and P-GO. The G band at 1580 cm
was assigned to the vibration of sp? bonded carbon atoms, and the D band at 1350 cm™ was
assigned to the vibration of carbon atoms with dangling bonds in plane terminations of disordered
graphite, indicating the formation of sp® carbon atoms. The Ip/lg intensity ratio increased from
1.15 (GO) to 1.32 (P-GO), demonstrating the increase of sp® carbon structure after PNIPAM
grafting. The blue shift of G band from 1580 cm™ to about 1600 cm™* may due to the deteriorated

alternate pattern of single-double bonds within the sp? carbon sheets caused by the tethering of

PNIPAM chain on GO sheet via free radical polymerization?.
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Supplementary Figure 7. *H NMR spectra of PNIPAM and P-GO in D,0. For PNIPAM polymer,
the 'H NMR spectra clearly shows the characteristic signals of PNIPAN side chains around & = 1.0,
1.5, 1.9 and 3.8 ppm. After the PNIPAM was grafted to GO sheets, diamagnetic ring currents in
GO lead to the upfield shifts of the proton peaks in CH (b) and CH (d) groups, changing from & =
381t 6 =3.6 and & = 1.9 to 6 = 1.8. The appearance and upfield shifts of these PNIPAM
characteristic signals demonstrates that the PNIPAM chains had been successfully grafted to the

GO sheets.
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Supplementary Figure 8. The GO aqueous dispersion remains unchanged before and after

heating, indicating GO does not have the temperature-responsive property.
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Supplementary Figure 9. The variable-temperature UV-vis spectra of ai, az) P-GO, by, by) GO

and c1, ¢2) PNIPAM, showing the LCST of P-GO is about 30TC, lower than that of PNIPAM.
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Supplementary Figure 10. Characterizations of GO and GO-12. a) XRD patterns of GO and
GO-12 (GO dispersed in 50 mL DMF without NIPAM and AIBN was subjected to 65T for 12 h
same as the polymerization conditions. The product obtained was named GO-12). After reaction
for 12 h, the diffraction peak of GO shifted to higher angles, indicating the decrease of d-spacing,
which was due to the partially reduction of GO. b) Raman characterizations of GO and GO-12.
The Ip/lg intensity ratio increased from 1.15 (GO) to 1.24 (GO-12), demonstrating the decrease in
the average size of the sp? domains upon reduction®. ¢) The survey scan XPS spectra of GO and
GO-12 show the C/O atomic ratio increased from 2.06 (GO) to 2.36 (GO-12), demonstrating the
reduction of GO. d) The WCAs on the GOMs were 57.3 +3.7< smaller than that on P-GOMs
which were 80.4 +3.0although PNIPAM was hydrophilic at room temperature (25<), indicating
that GO in P-GOMs became hydrophobic, further confirming the partially reduction of GO during
the polymerization reaction.
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Supplementary Figure 11. Schematic diagram of the positive temperature-responsive property of
GO blending with PNIPAM membranes. Researchers had physically blended chemically reduced
GO with PNIPAM to construct the thermal responsive graphene membrane, in which the
chemically reduced GO and PNIPAM were connected by supramolecular interaction®. It showed a
positive temperature-response gating behavior. For the P-GOM, it was composed of PNIPAM
covalently bound GO via free radical polymerization. The covalently bound interactions between

PNIPAM chains and GO endowed the membrane negative temperature-response gating behavior.
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Supplementary Figure 12. The thickness variations of P-GOMs with different loading amounts

of P-GO aqueous dispersion. Inset is digital photos of P-GOMs with thickness increasing from left

to right.
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Supplementary Figure 13. a) Thermogravimetric analysis (TGA) curves of GO-12, PNIPAM,
and P-GO. The differential thermogravimetry (DTG) curves of b) GO-12 and c) PNIPAM. The

high resolution TGA curves at d) ~ 100 and e) ~ 500C.
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Supplementary Figure 14. Temperature dependent water permeance curves of GO blending with
PNIPAM membranes composed with different GO/PNIPAM ratios (1:9, 3:7, and 7:3), all showing

the positive temperature-responsive coefficients.
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Supplementary Figure 15. AFM images of a) GO and b) P-GO at 25T. Both of the samples
were obtained by spin-coating (2000 rpm) the diluted GO or P-GO aqueous dispersion (~ 0.02
mg/mL) on freshly cleaved mica. The single and stacked P-GO sheets demonstrate that when
synthetized the P-GO during the FRP, the PNIPAM chains (1) grew from one GO sheet and

terminated freely at the bulk solution or (2) terminated at another GO sheet. There are no stacked

GO sheets as the control experiment.
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C36H16-CH3-(NIPAM),* C3¢H16-CH3-(NIPAM),*

Supplementary Figure 16. a-d) Optimized geometries of the products in reactions (la)

CszsH16-CH3s-NIPAMe, (2a) CazsHis-CHs-(NIPAM)2e, (3a) CssHi6-CH3-(NIPAM)3e and (4a)

CssH16-CHs-(NIPAM)4e.
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Supplementary Figure 17. The zeta potentials of GO and P-GO aqueous dispersion measured in

a pH range of 2-10.
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Supplementary Figure 18. Mechanical performance and water stability of P-GOM. a) The
typical strain-stress curves of GOMs and P-GOMs. The P-GOM remained stable b) after

immersing in water for 60 days, c) under a strong stirring.
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Supplementary Figure 19. The separation performance of 0.8 pm P-GOMs. a) The UV-vis
absorption spectra before and after filtering RB from 25T to 50T using the 0.8 pm P-GOMs. b)
Temperature dependent permeance and rejection rate of the 0.8 pm P-GOMs for RB. In this work,
the thickness of P-GOMs is fixed at 1.1 um in order to achieve a larger temperature-response
gating ratio (Fig. 3d in manuscript) and realize the rejection rate of almost 100% for RB, thus
improving the precision of mixed molecules gradient separation. However, separation membranes
exhibit a trade-off between permeability and selectivity®. Therefore, we can improve the
permeance by sacrificing a little selectivity of P-GOMs by using a thinner membrane. If we
decreased the membrane thickness to 0.8 pm, the rejection rate slightly decreased from near 100%
(1.1 pm) to 98.4% for RB as shown in Supplementary Fig. 19b. But its permeance significantly
increased from 2.43 to 20.10 L m2 h* bar. According to the rejection rates for RB, the P-GOMs
belong to nanofiltration-ranged separation membranes®. The permeance of 0.8 um P-GOMs we
reported is two to four times higher than commercial nanofiltration membranes of about 5-10 L

m=2 h1barl.®
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Supplementary Figure 20. P-GOMs for raffinose, maltopentaose and maltoheptaose separation.
a-c) The ion chromatogram of the original feed solution and the permeate obtained at 25T and
50T using raffinose, maltopentaose and maltoheptaose as the single solute. d) The ion
chromatogram of the original feed solution and the permeate obtained at 50C using a mixture of
raffinose and maltoheptaose. e) The rejection rates of P-GOMs for raffinose, maltopentaose and
maltoheptaose at 25T and 50T. f) Source and permeate content of a mixture of raffinose and
maltoheptaose. We further chose three kinds of saccharides, raffinose (C1sHz2016), maltopentaose
(CsoHs52026) and maltoheptaose (Ca2H72036), to perform the separation experiments. Raffinose,
maltopentaose and maltoheptaose are non-ionic solutes with hydrated diameter of 1.32 nm, 1.52
nm and 1.96 nm, respectively!®. Firstly, the single-solute aqueous solutions of raffinose,
maltopentaose and maltoheptaose were used as the feed solutions. As shown in Supplementary Fig.
20, the P-GOMs showed rejection rates of 13.6% for raffinose, 34.3% for maltopentaose and 48.6%
for maltoheptaose at 25<C. When the temperature was 50 <C, the rejection rates increased to 35.3%
for raffinose, 68.4% for maltopentaose and 94.3% for maltoheptaose, respectively. At 50<C, since
the P-GOMs demonstrated a relatively high rejection rate for maltoheptaose and a low rejection
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rate for raffinose, we supposed that we could separate raffinose and maltoheptaose effectively.
Subsequently, a mixture of raffinose and maltoheptaose (50:50% by weight) was filtered at 50 <C.
And as shown in Supplementary Figs. 20d and 20f, the mass content of raffinose in the permeate
increased to 84%, indicating that the P-GOMs had a high selectivity towards raffinose and
maltoheptaose. Therefore, the P-GOMs have the performance of reliability and high separation

resolution.
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Supplementary Figure 21. The separation performance of P-GOMs for RB solution with
different concentration. a-d) The UV-vis absorption spectra before and after filtering RB from
25T to 50T with the concentrations of 4 ppm, 40ppm, 100ppm and 200 ppm. e-h) Temperature
dependent permeances and rejection rates of P-GOMs for 4 ppm, 40ppm, 100ppm and 200 ppm

RB.
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Supplementary Figure 22. The separation performance for CBB solution with different
concentration. a) Temperature dependent permeances of P-GOMs for 40 ppm, 100ppm and 200
ppm CBB. b) Temperature dependent rejection rates of P-GOMs for 40 ppm, 100ppm and 200
ppm CBB. To explore how the P-GOMs would perform when using a more concentrated feed
solution, we chose RB and CBB as examples to carry out the experiments. As shown in
Supplementary Fig. 21, the permeance decreased with the RB concentration increasing from 4
mg/L (ppm) to 200 ppm. The rejection rates for these four concentrations of RB were 99.6%,
93.5%, 93.1% and 91.1%, respectively. It can be seen that there was only a slight rejection rate
decrease for RB with the increased concentration. For CBB, the anionic dye, the rejection rates
were ~100%, 99.7% and 99.1% using 40 ppm, 100 ppm and 200 ppm feed solutions, and the
permeance variation was small (Supplementary Fig. 22). Therefore, the P-GOMs exhibited a good

separation performance for a wide concentration range.
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Supplementary Table 1. Reaction enthalpies (AHags, kJ mol™) for the reactions

shown in two reaction sets (1a-4a) and (1b-4b).

Reaction AH2gs(set 1a-4a) AH2os(set 1b-4b)

1) 50.9 —65.2
(2) 20.8 ~154.6
(3) ~158.3 —254.5
(4) —262.7 —396.0
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Supplementary Table 2 The rejection rates and permeance of P-GOMs for molecules

with different sizes at 257 and 50 TC.

Cu2+

[Fe(CN)e]*

RB

CBB

Cyt.c

(g mol?)

63.55

212.00

479.01

826.97

12,800

size

(nm)

0.8

0.9 <0.9

18 %14

2.7 %18

2.5 %25%3.7

concentration

(mg/L)

100.0

40.0

4.0

40.0

100.0

25

analyte

charge

rejection rate

25C

7.9

12.5

68.2

98.0

99.8

(%)

50C

16.7

48.2

100.0

100.0

100.0

Permeance
(L m?2h bar?)
25T 50T
6.71 1.14
10.24 2.00
16.53 243
8.15 1.42
7.98 131



Supplementary Note 1
The GO weight fraction (@) in P-GO nanocomposites could be decided by
Supplementary Equation (1)*:

= M — MPNIPAM (l)

M GO M PNIPAM

Where M, Mypav and Mg, represent the weight loss of P-GO, PNIPAM and
GO between 100 and 500TC. As can be calculated the TGA and DTG data from
Supplementary Fig. 13, the values of M, Mypa and My, are 77.52%, 94.60%
and 37.42%, thus the GO weight fraction of P-GO is calculated to be approximate
30%. Thus, the mass ratio of GO and PNIPAM to fabricate the physically blended
GO/PNIPAM membrane as the control experiment was 3:7. In fact, the positively
temperature-responsive property of the GO blending with PNIPAM membranes was
independent of the mass ratio of GO and PNIPAM as shown in Supplementary Fig.
14.

Up to now, several papers have reported the negatively temperature-responsive
property of membranes modified by PNIPAM?14 However, the negatively gating
behaviors shown by them were all based on diffusional permeation experiments
instead of hydraulic permeability. Since PNIPAM would become hydrophobic when
the temperature is above its LCST, the negatively gating behaviors in diffusional
permeation experiments may be caused by the wettability variation which changes
from hydrophilic to hydrophobic when the temperature arises above LCST. In this
paper, we performed hydraulic permeability experiments with a pressure of 100 kPa.

So the change of membrane channel size dominated the gating property rather than
26



the wettability variation. To the best of our knowledge, no negatively
temperature-responsive gating membranes modified with PNIPAM applied to

hydraulic permeability applications has been reported to date.

Supplementary Note 2
The polymerization reaction mechanisms for the two possibilities involve the

following reactions:

[CasHis-CHa]e + NIPAM  — CasHis-CH3-NIPAMe (1a)
[CasH1s-CHa]e + 2NIPAM — CagHis-CHa- [NIPAM]e (2a)
[CasH1s-CHa]e + 3NIPAM — CasHis-CHa- [NIPAM]ze (3a)
[CasH1s-CHa]e + 4NIPAM — CagHis-CHa- [NIPAM]qe (4a)
2[CasH16-CHs]* + NIPAM — CagH1s-CH3-NIPAM-CHs-CasHas (1b)
2[CasH16-CHs]* + 2NIPAM —> CasH16-CHa-(NIPAM)2-CH3-CagHas (2b)
2[CasH16-CHs]* + 3NIPAM —> CasH16-CHs-(NIPAM)3-CH3-CagHs (3b)
2[CasH16-CHs]* + 4NIPAM —> CssH16-CHs-(NIPAM)4-CHa-CagHas (4b)

Supplementary Note 3

We suppose that, for the negatively temperature-responsive P-GOMSs, when the
temperature increased above its LCST the first case and second case discussed in
main text played primary roles to change the distance between GO sheets as shown in
Figure. 4a. But we admit that the responsive behavior of PNIPAM chain as

Supplementary Fig. 11 shows also exists, however, has much less influence than the
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first case and second case discussed in the main text.

Supplementary Note 4

In practical applications, the mechanical and structural stability of membranes is of
crucial importance, so tensile experiments were performed (Supplementary Fig. 18a).
The tensile strength of P-GOMs reached up to 75 MPa, which was almost 2 times
higher than that of GOMSs because of the effective covalent linkage between GO
sheets by the polymer chains. The value was higher than those free-standing
graphene-based membranes used for separation in previous studies'®. Moreover, the
P-GOMs were highly stable in water as shown in Supplementary Fig. 18b. After
immersing P-GOMs in water for 60 days, they remained intact even under a strong
stirring (Supplementary Fig. 18c). According to the knowledge of colloidal chemistry,
the particle could disperse if the absolute values of zeta potentials were larger than 30
mV, thus the P-GOMs could remain stable in water for a long time because of the low
absolute value of zeta potentials (Supplementary Fig. 17)'¢Y7. Therefore, the good
mechanical performance and water stability endow the P-GOMs with promising

practicality for durable temperature-response gating and separation applications.
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