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A B S T R A C T

Crosslinkers are important for graphene oxide (GO) plates in filtration applications because they help to define 
and maintain the integrity of the nanoscale structure. GO platelets were dispersed in aqueous solution and 
crosslinked using a simple “one-pot” process in which multi-amine functional molecules could react with car-
boxylic acid or epoxy groups of the GO surfaces. Strain-sweep oscillatory rheology enabled a detailed analysis of 
the reinforcing behaviour of crosslinkers on GO. Flow stress analysis of three different types of reinforced GO 
composites shows significant increases in the elastic modulus of the GO composites, compared to non-crosslinked 
GO. Crosslinkers were octaammonium polyhedral oligomeric silsesquioxane, (OA-POSS), a rigid cage, low Mw 
(0.8 kg/mol) or high Mw (25 kg/mol) chain branched polyethyleneimine, PEI (flexible). Crosslinking with either 
of the PEI polymers increases the yield stress of GO composites up to 20 times more than the rigid OA-POSS 
crosslinker, and nearly 170 times more than the non-crosslinked GO. The ‘one pot’ synthetic route employed 
in this work shows that maximum levels of reinforcement are relatively insensitive to crosslinker concentration. 
The yield stress of all three types of composites increases sharply as a function of crosslinker concentration, 
reaching a broad plateau, before decreasing slightly. The decrease in reinforcement at high concentrations may 
be attributed to the saturation of available sites on GO nanosheets inhibiting crosslinking. Composites cross-
linked in-situ included a significant fraction of water which was excluded under compression. Crosslinked GO 
samples under compression showed an increase in the elastic modulus consistent with an increase in the effective 
concentration of composite. GO-coated membranes showed high rejection (up to ~90 %) of Rhodamine WT, and 
the resilience of these membranes was visibly improved with very low crosslinker loadings, 0.2 % w/w with 
respect to the mass of GO.
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1. Introduction

Graphene oxide has been proposed for numerous applications, 
including conductive transparent coatings [1], electronics [2], solar 
cells [3], photocatalysts [4], drilling fluids [5] and membranes [6]. 
Unlike graphene, GO has a substantial degree of sp3 hybridisation, 
arising from the additional oxygen groups, and as a consequence, GO 
sheets are less flat and pack less densely than graphene. The presence of 
these (hydroxyl, epoxide and carboxylic acid) groups imparts the GO its 
hydrophilic and anti-fouling properties. The chemistry of these groups 
can be exploited to synthesise GO composites with tunable physical, 
chemical and mechanical, properties [7–10].

In lab-scale tests, GO has proven to be an excellent candidate for 
nanofiltration applications [11–13]. However, the industrial-scale 
application in this field has not yet been realised. Although, layers of 
GO stacked on top of each other can potentially result in laminar spacing 
ideal for nanofiltration applications, controlling the interlayer spacing 
of these sheets, especially in water, remains a challenge. This is because 
the hydrophilic hydroxyl and carboxylic acid groups on the GO interact 
favourably with water, resulting in an increase in the interlayer spacing 
and lower membrane rejection [14]. While the performance indicated 
for GO membranes appears very encouraging, it is now recognised that 
the stability of these membranes is the key limitation to their use. Wang 
et al. highlighted the problems associated with GO membranes dis-
integrating under water, noting that problem has significant complex-
ities. For example, GO membranes are destabilised by low pH or 
monovalent cations, but stabilised by the presence of multi-valent cat-
ions [15].

GO can also experience membrane compaction under pressures used 
to filter water on a large scale. A more compact membrane leads to 
higher rejection, but the membrane flux is reduced, due to a narrowing 
of pathways for the transport of water molecules [16–18]. The addition 
of a crosslinker to control the separation between GO layers could help 
to maintain uniform interlayer spacing. Crosslinkers can be used to 
achieve a balance between membrane selectivity and flux [19–21]. GO 
flakes can vary in lateral size and functionalisation depending on the 
synthetic method and starting materials used to obtain GO [22–28]. 
Variation in the degree of oxidation/ functionalisation and the lateral 
flake size means it may require a series or combination of crosslinkers to 
deliver the appropriate plate separation for a range of GO materials. The 
desired filtration target species and the pore size of the polymeric base 
layer also play a key role in the determination of the “ideal” crosslinker. 
GO has been crosslinked with a variety of rigid [10,29] and flexible 
crosslinkers with encouraging results for filtration [8,30]. However, 
while the chemistry and morphology of these membranes are widely 
reported, and elsewhere there have been extensive rheological studies of 
GO in polymer composites [31], the detailed study of mechanical 
properties, necessary to understand the long-term structural stability in 
porous reinforced GO systems has received very little attention and is 
the focus of the work presented here.

We propose that in order to improve the mechanical durability of 
GO-modified filtration membranes, it is important to understand which 
measures of reinforcement such as modulus, yield stress and flow stress 
are significant, how these measures are related to each other and how 
they can be modified with different types of crosslinker. We further aim 
to understand how solution-based crosslinking processes impact on GO 
composite deposition and membrane performance. Here, the rheological 
behaviour of GO with three different types of crosslinkers: branched 
polyethyleneimine, PEI (“flexible”), of two molecular weights and 
octaammonium poly-octahedralsilsequioxane (OA-POSS) (“rigid”) have 
been compared. Both cross-linkers have reactive amine groups, which 
are well-established as being able to react with the surface oxygen 
(epoxy, carboxylic acid) groups of GO [32–34] Ranishenka et al. have 
previously demonstrated that PEI can be effective in adhering GO to 
glass or silicon surfaces [35], and the use of PEI in nanofiltration 
membranes is well established [36,37].

Shear rheology enables several measures of the reinforcement of 
crosslinked GO, which are relevant to filtration membrane performance. 
Elastic modulus at very low deformations, in shear or axial force gives a 
measure of the extent to which membrane materials may deform 
reversibly under pressure. This indicates how under conditions that do 
not damage a membrane, imposed pressure may cause changes in the 
membrane flux and rejection through compaction. Yield stress indicates 
the maximum stress, above which deformation is irreversible, so it is a 
useful measure of the possible operating range that a membrane mate-
rial can withstand. The maximum strain at the point of yield stress is also 
an important criterion since this defines the extent to which a material 
deforms reversibly up to this limit. A further, important measure of the 
change in behaviour of these composites is the flow point or the flow 
stress. This defines the point at which these composites have more 
liquid-like than gel-like properties, which has relevance for processing 
of membrane coating materials.

In this work, we compare the extent to which different crosslinker 
types are able to reinforce GO membranes as a function of rigidity, size 
and crosslinker concentration. We also evaluate the appropriateness of 
possible measures of reinforcement that can be determined using a shear 
rheometer equipment and the reliability of these measurements. Finally, 
we explore the efficacy of some crosslinked GO-coated membranes in 
nanofiltration applications and the relationship between these results 
and the measures of reinforcement.

2. Materials and methods

2.1. Materials

GO prepared by the Hummers method was used as received in a 1 % 
aqueous dispersion. Characterisation by XRD and thermal analysis in-
dicates an oxygen content of approximately 24 % (w/w) and interlayer 
separation of 0.82 nm (Supporting information S.I.1). Branched poly-
ethyleneimines, “0.8k PEI” (Merck 408719, Mw = 0.8 kg/mol, Mn =

0.6 kg/mol) and branched “25k PEI” (Merck 408727, Mw = 25 kg/mol, 
Mn = 10 kg/mol) polymers were purchased from Merck KGaA. OA-POSS 
was purchased from Hybrid Plastics Inc. and NaOH (>99 %) from 
Fischer Scientific. All materials were used as received and their molec-
ular structures are shown in Fig. 1. FTIR spectra of the materials and 
their mixtures are provided in supporting information (S.I.2).

2.2. Methods

2.2.1. Preparation of GO crosslinked with PEI
A series of solutions of each molecular weight (800 g mol− 1, 

25,000 g mol− 1) PEI were prepared with concentrations ranging from 
2.1 mg ml− 1 to 21.0 mg ml− 1. Following a method similar to that of Guo 
et al.,[38] 1.0 ml of each solution was added to 5.0 ml of 10 mg ml− 1 GO 
dispersion in water and shaken vigorously for 20 s, yielding a sample of 
8.3 mg ml− 1 crosslinked GO.

2.2.2. Preparation of GO crosslinked with Octa ammonium POSS
A series of OA-POSS solutions were prepared by dissolving a defined 

mass of OA-POSS (between 2.1 mg to 21.0 mg) in 0.8 ml of high-purity 
water, followed by the addition of 0.2 ml of 0.1 M NaOH solution to 
make the total volume of the crosslinker solution up to 1.0 ml. This was 
then added to 5.0 ml of 10 mg ml− 1 GO dispersion in water and shaken 
vigorously for 20 s, yielding a sample of 8.3 mg ml− 1 crosslinked GO.

2.2.3. Preparation of layer-by-layer spin cast GO-crosslinker films
Films comprising two layers of GO were spin-cast onto silicon wafers 

for atomic force microscopy (AFM) analysis. For the non-crosslinked GO 
sample, 2.5 ml of 0.1 mg ml− 1 GO dispersion in water was dropped onto 
a silicon wafer while spinning at 3000 rpm and dried (layer 1). The 
process was repeated to add another layer of non-crosslinked GO using 
the same volume and concentration of GO dispersion (layer 2). For the 
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crosslinked GO films, 0.5 ml of 0.08 mg/ml of the crosslinker solution: 
25kPEI and OA-POSS was spin-cast onto a silicon wafer, forming a base 
layer. Next, a layer of GO was spin-cast onto this surface using 2.5 ml of 
0.1 mg/ml GO dispersion in water. These two steps were repeated in the 
same order to adhere a second layer of GO to the first.

2.3. Characterisation

2.3.1. Oscillatory strain tests on prepared GO-based gels
All rheological measurements were carried out using TA Instruments 

Discovery Hybrid (DHR-2) rotational rheometer, using a 25 mm cross-
hatched plate upper geometry, and a Peltier plate was used to control 
the temperature to 25 ◦C. The initial sample equilibration (“soak”) time 
was 300 s, and all measurements were carried out 25 ± 0.1 ◦C. In strain 
sweep experiments, the oscillatory strain on the sample was varied from 
0.01 % to 1000 %, with an angular frequency of 6.28 rad. s− 1, 
measuring 10 logarithmically spaced increments per decade of strain. 
The strain-dependent values of the elastic (G’) and the loss (G”) moduli 
were measured. Measurements were repeated six times on fresh samples 
to establish the uncertainty in the recorded values that could arise from 
sample variability or sample loading. Raw data showing reproducibility 
between measurements are available in supporting information (S.I. 
3–6).

2.3.2. Low strain elastic shear modulus, G’
The elastic shear modulus was measured in the linear region at low 

strain, γ, where both Ǵ  and Ǵʹ were essentially independent of strain. 
Data were averaged over the region 0.01 < γ / % < 0.2. The region of 
interest is annotated for typical data in Fig. 2.

2.3.3. Yield Stress Analysis
Two different measures of yielding behaviour were considered to 

characterise the strain-dependent stress response of the crosslinked GO- 
based gels during strain-sweep experiments, Fig. 2. The first method was 

the Ǵ / Ǵʹ crossover flow stress, based on stress at the interstion of the 
storage, Ǵ  and loss modulus, Ǵʹ of the sample were used to calculate the 
value of the flow stress using Eq. 1, 

σy = Ǵ γy (1) 

where σy = stress at the crossover (flow) point, Ǵ  is the storage modulus 
and γy is the strain at the crossover (flow) point where Ǵ  and Ǵʹ interst. 
Physically, this corresponds to the minimum stress at which the response 
of the material is predominantly dissipative and therefore irreversible. 
The second measure was the maximum oscillation yield stress, defined 

Fig. 1. Structures of crosslinkers, branched PEI (top) and OA-POSS (bottom).

Fig. 2. Typical strain-sweep data for GO crosslinked with 25k PEI, showing the 
change in oscillation stress, storage and loss moduli, with the increase in 
oscillation strain. Annotations show two measures of yielding behaviour: flow 
stress (i) and maximum oscillatory stress (ii).
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as the peak value of the oscillation stress as a function of oscillation 
strain, Fig. 2.

2.3.4. Effect of compression on composites
When composite samples were loaded into the rheometer, the act of 

closing the gap between the measurement geometry and the Peltier plate 
was sometimes seen to cause separation between a GO-rich material 
under the plate and GO-sparse liquid driven out under compression. 
While every effort was made to minimise this phenomenon, the effect of 
excluding water on the crosslinked composites under compression was 
separately assessed to determine the impact of this behaviour on shear 
rheology results. Strain sweeps were measured over a small range of 
strain, 0.01–0.2 %, to ensure the strain applied was within the elastic 
region for the composite, with an angular frequency of 6.28 rad.s− 1, 
measuring 10 steps per decade. The corresponding values of Ǵ , Ǵʹ and 
axial force were measured.

The distance between the geometry head and the Peltier plate was 
decreased after consecutive runs. The initial distance was 1300 µm, 
which was decreased down to 500 µm with steps of 100 µm between 
each run. All composites tested under compression had a crosslinker: GO 
mass ratio (mass of crosslinker/mass of GO) of 0.17. The pressure 
imposed in these measurements was determined from the axial force and 
the surface area of the measurement geometry.

2.3.5. Atomic force microscopy
The coverage of smooth silicon substrates by GO platelets was 

measured by AFM. Spin-cast GO and GO/crosslinker films were analysed 
using the PeakForce quantitative nanomechanical mapping mode 
(QNM) on a Bruker Multimode 8 scanning probe microscope. 
15 µm × 15 µm areas of GO films, which had been spin-cast onto a clean 
silicon wafer were scanned, capturing images with 512 points per line. 
NuNanoScout 70 R probes with a spring constant of 2 N m− 1 and a 
resonant frequency of 70 kHz were used. Height maps were flattened 
(2nd order) using Nanoscope v 1.5 software to remove the natural 
curvature caused by the movement of the sample relative to the 
cantilever.

2.3.6. Nanofiltration testing
Flux and rejection testing were carried out using a Sterlitech HP4750 

dead-end cell and 47 mm diameter, 30 nm pore size polyethersulfone 
(PES) membranes, both supplied by (Stratlab Ltd, Cambs., UK). Mem-
branes were coated with GO by filtration of a dilute GO dispersion onto 
the membrane surface, resulting in a coating over an active area of 
13.3 cm2. 0.5 ml of 10 mg/ml GO was added to 40 ml deionised water 
and stirred at 1200 rpm for 2 min to obtain a homogenous dilute 
dispersion. 1 ml of aqueous crosslinker solution was added while stirring 
and stirred for a further 30 min, so that the crosslinker was present at a 
low mass fraction with respect to GO. The choice of crosslinker con-
centration was used to determine the overall mass fraction of crosslinker 
in the final coating. A defined volume of the crosslinked dispersion was 
made up to 10 ml with deionised water and vacuum filtered onto PES 
membranes. The volume of crosslinked dispersion was used to determine 
the mass of crosslinked GO that was deposited onto the PES.

Filtration of Rhodamine WT dye (Acros Organics, 20 % w/w solu-
tion) was carried out to assess the impact of modified GO coatings on 
flux and rejection of the membrane. Flux was measured from the mass of 
4 µg/l Rhodamine WT solution passing through the membrane and 
rejection was determined via UV–vis spectrometry of the solutions. After 
filtration experiments, the membranes were inspected for damage to 
determine the impact of crosslinker on the resilience of the nano-
filtration coating.

3. Results

Fig. 3 shows the effect of crosslinkers on the stability of GO disper-
sions. The initial dispersion (a) remains stable for several weeks and 

appears quite stable to increasing pH to > 11 (b). However, the addition 
of crosslinker (c-d) induced rapid coagulation of the GO dispersed in 
water, consistent with crosslinking between the platelets. The control 
experiment using NaOH solution (pH >11) showed no coagulation in the 
absence of any crosslinker, demonstrating that the impact of the cross-
linkers on GO dispersion arises from their ability to form chemical bonds 
with some of the oxide functionalities on the GO, rather than the alka-
linity of these additives (pH of PEI solutions was approximately 8–9).

Typical data (Fig. 2, further examples in supporting information S.I. 
3–6) show that, with the exception of the unmodified GO samples, the 
rheological response has a clear linear region, where Ǵ  and Ǵʹ are 
almost independent of strain. At higher strains, Ǵ  decreases mono-
tonically with increasing strain, while Ǵʹ increases slightly before 
decreasing more gradually. In all cases, a cross-over between Ǵ  and Ǵʹ 
was found, which was used to define the flow stress. There was often a 
maximum in oscillation yield stress values, somewhat beyond the end of 
the linear region, but at lower strain than the crossover in Ǵ  and Ǵ .́

4. Discussion

We first consider the impact of the crosslinkers on the low strain 
elastic modulus (LSEM) in the linear region of the strain sweeps, Fig. 4.

All the crosslinkers had a significant reinforcing effect on the GO 
materials, giving rise to more than an order of magnitude increase in the 
shear elastic modulus. The PEI and POSS based crosslinkers are inex-
pensive, commercially available and offer a convenient platform to 
explore effects of cross-linker rigidity that could readily be extended to 
related structures. Interestingly, we observed that for all crosslinkers, 
there is a sharp rise in composite modulus at low concentrations fol-
lowed by a plateau over which reinforcement appears to have little 
concentration dependence. Guo et al.[38] argue that the main effect of 
amines in PEI is to enable hydrogen bonding, however this does not 
exclude the possibility that some reinforcement arises from formation of 
covalently bonded crosslinks. The early work of Shechter et al. with 
model reactions shows that water can catalyse epoxy amine reactions 
and so it is likely that the amine-functional crosslinkers may also act by 
forming covalent bonds between GO platelets [39], and more recently 
Choi et al. have shown that similar reactions can proceed at room 
temperature [40]. The PEI crosslinkers are more effective than the 
OA-POSS, delivering greater reinforcement at lower loadings (by mass) 
and a greater maximum increase in modulus. Interestingly, there ap-
pears to be relatively little effect of the molecular weight of the PEI on 
the reinforcement behaviour, except at low concentrations, where the 
low molecular weight PEI performs better. While the origins of this 
difference are impossible to infer from these experiments in isolation, we 
note that Rissanou et al. have predicted that the infiltration of PEI into 
GO nanocomposites improves with decreasing molecular weight [37]. 
The slight reduction in modulus at very low OA-POSS concentrations 
may arise because the addition of crosslinker solution dilutes the GO 
dispersion. For both PEIs, it appears that at higher concentrations, the 
extent of reinforcement may decrease slightly with increasing cross-
linker concentration.

The dependence of modulus on increasing crosslinker concentration 
can be rationalised as follows: The reaction of the crosslinkers with 

Fig. 3. (a) GO dispersion in water, (b) same GO dispersion as (a) with 1 ml 
0.1 M NaOH solution added and shaken for 30 s (c) GO dispersion with 1 ml of 
2 mg/ml PEI solution added showing the formation of strand-like structures, (d) 
same GO dispersion as c) after shaking, showing evidence of coagulation.
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active sites on GO, populates the surfaces of GO with functional groups 
that can then react and form bridges between reactive sites on other GO 
sheets in the dispersion. At low crosslinker loadings, the probability of 
crosslinking would increase with crosslinker concentration. It seems 
likely that the slight decrease with increasing crosslinker concentration 
at higher loadings could be the result of GO sheets becoming saturated, 
thus reducing the number of sites that are available to form crosslinks 
between sheets. We note that the crosslinkers may react to bond with 
functional groups on GO, but not to other crosslinker molecules.

For the PEIs and OA-POSS, saturation inferred from the maximum in 
modulus in Fig. 4 occurs at mass fractions of approximately 0.1 and 0.2 
respectively. Interestingly, these values seem to correspond to very low 
overall coverages of GO sheets with crosslinker. Assuming complete 
adsorption, the mean thickness of the surface layer of crosslinker, tXL can 
be estimated as 

tXL =
1

ρXLSSAGO

(
mXL

mGO

)

(2) 

where ρXL is the density of the crosslinker, SSAGO is the specific surface 
area of GO and mXLand mGO the masses of crosslinker and GO respec-
tively. By assuming that the GO was initially well-dispersed with SSA of 
order 737 m2/g [41], and that the densities of the crosslinkers are 
similar at ~1.27 g/cm− 3, we estimate that the average thickness of the 
crosslinker layers would be or order 0.25 nm for OA-POSS and 0.12 nm 
for either PEI. This approximate calculation is sufficient to establish that 
the tXL values are much smaller than the molecular dimensions of the 
crosslinkers (>1 nm). Therefore, it appears that the crosslinkers only 
partially cover the GO surfaces. From the perspective of maintaining a 
structure with open channels for filtration, these low fractional surface 
coverages would be a desirable feature.

The maximum oscillatory stress also increased with increasing con-
centration to a plateau, as exemplified in Fig. 5. However, the maxima at 
low crosslinker concentrations were often absent or ill-defined; there-
fore, we did not attempt to apply this measure more widely. Instead, we 
focus on the flow stress, defined by the crossover in Ǵ  and Ǵʹ with 
increasing strain, introduced in Fig. 2.

All three sets of flow stress values initially increase significantly with 
the addition of crosslinker (both PEIs and OA-POSS), until a maximum 
value is reached and then decrease slightly at the highest crosslinker 
concentrations, Fig. 6. This behaviour mirrors the trends already dis-
cussed for LSEM. Interestingly, this similarity between flow stress and 

LSEM results suggests that there is no trade-off between the stiffness and 
the resilience of the composite material that might have been expected 
between rigid and flexible crosslinkers. Comparison of strain values at 
crossover (supporting information S.I. 4–6), “flow strain” showed that 
only modest (approximately two-fold) increases with reinforcement 
compared to the control GO sample without crosslinker, supporting in-
formation S.I.3. The absence of any large increase in yielding strain with 
crosslinking is consistent with the very high rigidity of the GO platelets; 
such that the stress at which crosslinkers fail is insufficient to cause 
significant deformation to crosslinked GO nanoplates.

As with the LSEM, the increase in flow stress with increasing cross-
linker can be attributed to a more densely crosslinked GO network. 
Increasing the concentration of the crosslinker increases the probability 
that some crosslinker molecules are located where they can simulta-
neously bond with more than one GO platelet. The plateau in the flow 
stress at high concentrations is also consistent with the saturation of 
binding sites on the GO nanosheets, beyond which point, the probability 
of crosslinker molecules forming bridges between platelets may even 

Fig. 4. The influence of crosslinker type and concentration on the mean LSEM 
of the 8.3 mg ml− 1 GO composites, based on six separate measurements for 
each sample.

Fig. 5. Strain-dependence of oscillation stress in 8.3 mg ml− 1 GO/OA-POSS 
composite samples. The mass fraction of OA-POSS relative to GO is shown in 
the legend.

Fig. 6. The change in flow stress of different crosslinked 8.3 mg ml− 1 GO 
composites as a function of crosslinker concentration.
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decrease, if all available binding sites are occupied by non-bridging 
crosslinker molecules.

Compared to OA-POSS, PEI shows significantly higher flow stress for 
either the short-chain polymer or the long-chain polymer. A maximum 
crossover yield stress of 1.2 kPa was achieved with the addition of 25k 
PEI to the GO. This is nearly 170 times higher than the yield stress of 
0.007 kPa in the absence of PEI. The PEI used for this set of experiments 
is a branched polymer with a large proportion of primary amines 
available to react with the epoxy or carboxylic acid groups on the GO 
surface. Both PEI and POSS have multiple primary amine binding sites, 
but branched PEI are chains more flexible than the rigid cage structure 
of OA-POSS, which may result in PEI chains binding between GO sheets 
more readily than OA-POSS and thus forming a stronger network. 
Although these cross-linkers have been studied separately [8,42], we are 
unaware of any previous direct comparison of their cross-linking 
strength. The difference between these crosslinkers might be due to 
the flexible structure of branched PEI, as well as the synergistic in-
teractions between PEI and GO. In the case of both PEI and OA-POSS, the 
amine groups can covalently bond with oxygen-containing groups on 
GO, but the PEI is a cationic polymer and the ionic interactions with 
anionic GO may give further mechanical strength to the crosslinked 
membranes [43]. While it is extremely challenging to determine the 
chemistry directly on this scale, we note that the ability of these cross-
linkers to promote adhesion of GO layers onto a surface is readily 
illustrated by AFM, Fig. 7. These micrographs indicate that the GO 
dispersions contain flakes of order 1 – 10 microns size, and the thickness 
of single layers is ~ 1 nm, see also S.I.7. They also show that when the 
layer-by-layer spin-coating process used, in which solutions of cross-
linker then GO were alternately spin-cast for two cycles gave rise to 
dramatically more GO deposition with PEI crosslinker than with 
OA-POSS, and somewhat more with OA-POSS, than in comparison to the 
control sample without crosslinker. The extent to which GO can be 
adhered to a silicon wafer surface follows a trend that is qualitatively 
consistent with the rheological measures of reinforcement: no cross-
linker < OA-POSS < PEI.

At low mass fractions, the 0.8k (lower molecular weight) PEI appears 
to have the greatest impact on GO reinforcement, as measured by LSEM 
and flow stress, possibly because the larger number of smaller chains can 
reach a greater number of functional sites than the 25k PEI. Although 
comparable in mass to the 0.8k PEI, the rigid OA-POSS (Mw ~1.0 kg/ 
mol) is consistently less effective as a reinforcing crosslinker than either 
PEI. The longer chain PEI confers slightly higher flow stress values to GO 
composites than the shorter chain PEI for PEI:GO mass fractions above 
0.1, which may reflect the greater capacity of the larger PEI molecule to 
form bridges between adjacent GO flakes. The slightly irregular surface 

of GO may prevent uniformly close contact between adjacent GO sheets 
and a longer crosslinker chain length may enable more interfacial 
bonding between the GO sheets and the crosslinker [43], resulting in a 
higher elastic modulus and yield stress.

Our rheological analysis (Figs. 4, 5, 6 and supporting information) 
shows significant variations in some of the measurements that were 
averaged from six repeats of each sample. This could be attributed to 
some variation in the effective concentration of composite in the mea-
surement gap arising from the loading process. It was seen that when the 
rheometer head was brought down onto a composite sample, the excess 
material ‘squeezed out’ from the edges of the measurement appeared to 
be predominantly water. It is likely that concentration of GO in the 
measurement system could increase significantly with decreasing gap 
size and that this uncertainty from the sample loading process is the 
dominant source of error in the rheological characterisation. Similar 
behaviour is well-known for hard colloids (“self-filtration”) under 
compression [44]. To investigate the effect of water exclusion, low 
amplitude strain sweep experiments were carried out on samples in 
which the distance between the geometry head and sample plate was 
incrementally reduced.

Raw data are provided in the supporting information, S.I.8–10. 
Excluding water and therefore forcing the crosslinked agglomerates 
together results in an increase in the axial force exerted by the sample 
against the top plate of the rheometer for the GO composites, Fig. 8. 
Axial force measurements, normalised with respect to geometry area 
and presented as pressure, show that the PEI reinforced GO composites 
are more resistant to compression than the OA-POSS reinforced GO 
samples. We note that this straightforward test may be valuable in 
directly predicting the extent of compaction during filtration under high 
pressure. In these experiments, the more rigid cross linker molecules 
appear to result in a less rigid composite material. A similar trend in the 
dependence of the elastic shear modulus under compression for these 
cross linkers, S.I.11. The LSEM increases significantly when the sample 
gap is reduced, which is consistent with an increase in effective con-
centration of GO in the measurement system with decreasing gap size.

The rheological response of composites is a particularly important 
measure for GO coatings for porous polymer membranes because these 
properties are relevant for the formation of the coating and its properties 
when in use. The flow stress values of these samples provides a conve-
nient measure of the point at which their behaviour transitions from 
elastic solid to viscous liquid [45]. For preparation of membrane coat-
ings, some flow is necessary unless the coating can be prepared in-situ on 
the membrane surface; whereas during in-use filtration elastic behav-
iour is required for reliable performance. We believe that understanding 
the balance between these properties is of considerable practical value 

Fig. 7. Atomic force micrographs, 15 μm scans of silicon wafer surface after two cycles of spin-coating a cross-linker solution, then a GO dispersion. In all images, the 
vertical scale is fixed at 12 nm to highlight the impacts of a) no crosslinker between GO depositions b) OA-POSS crosslinker before each GO deposition c) 25kPEI 
before each GO deposition. In all three cases the same amount of GO has been used and in the case of crosslinked GO, the same amount of crosslinker has been used.
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for successful preparation of effective nanofiltration coatings.
Nanofiltration of Rhodamine WT was explored for 30 nm PES 

membranes, which were coated with GO. AFM height maps of the coated 
and uncoated membrane surfaces are provided in supporting informa-
tion, S.I.12. In the absence of GO, the Rhodamine WT molecules (Mw =

567 g/mol), which are of order 1 nm, are not rejected by the bare 
membrane and rejection was only significant for GO-coated membranes. 
The cross-linker is not expected to have a large effect on the GO platelet 
separation but should help to minimise changes to this separation when 
the GO is exposed to aqueous solutions. The crosslinker loadings that 
gave the greatest reinforcement in our rheology experiments caused 
rapid coagulation of GO in solution, to such an extent that it was not 
possible to form consistent coatings on PES membranes. While 
increasing the cross-linker concentration at fixed GO concentration 
would be expected to yield a more robust coating, it was found that the 
more strongly crosslinked GO in solution did not coat well onto the 
membrane, and the high fluxes measured corresponded to poor rejec-
tivity supporting information S.I.13. On a macroscopic scale, this vari-
ation in coverage meant not all pores on the PES membranes were 
covered with the crosslinked GO, and nanofiltration results were poor. 
For this reason, much lower mass fractions of crosslinker to GO were 
used for filtration studies. Figs. 9 and 10 show the impact of GO coating 
mass deposited and crosslinker type on the membrane performance. The 
crosslinker, when present, was at a mass fraction of 0.2 % (w/w) with 
respect to GO. The decreasing flux observed with increasing GO coating 
thickness, Fig. 9, is consistent with the more tortuous path through the 
membrane associated with thicker coatings. Interestingly, the correla-
tion with rejection, Fig. 10, is less clear, but a significant level of 
rejection was measured in most cases and rejection could be as high as 
90 %. We believe, given the stochastic nature of rejection results, that 
low rejection levels are primarily a consequence of incomplete coverage 
of the PES by the GO coating. It appears that higher cross-link densities 
cause greater coagulation in the solution, and more dense aggregates 
with tortuous paths, but that there are greater opportunities for spaces to 
exist between aggregates. Overall, the results for rejection indicate that 
consistency of the membrane coating is the limiting factor for their 
effectiveness. The SEM micrograph included in supporting information, 
S.I.14, indicates that even for membranes that appear to be completely 
covered with GO, the aggregated GO gives rise to significant variations 
in areal coverage. Fig. 11 shows that after filtration experiments, sig-
nificant degradation of the non-crosslinked GO coating is apparent, 
whereas the GO-coatings with 0.8k PEI crosslinker, even at very low 
loadings have qualitatively better resilience, and appear unaltered from 

the appearance of the original coating.

5. Conclusion

A detailed analysis of GO reinforcement using a facile crosslinking 
strategy shows that significant, quantifiable reinforcement of GO com-
posites is possible at low crosslinker loadings with a simple one-pot 
route. Surprisingly, the flexibility of the crosslinker had almost no 
impact on the flexibility of the resulting reinforced composite, and there 
was only a modest increase in the strain at which the GO composites 
yielded. GO composite materials that were crosslinked with flexible PEI 

Fig. 8. Impact of compression on pressure through axial force on 0.17: 1 (w/w) 
crosslinker: GO composites using three different crosslinkers.

Fig. 9. Influence of GO coating thickness (mg/m2 deposited) and crosslinker 
species on filtrate flux of Rhodamine WT solution. The crosslinker mass fraction 
was 0.002 with respect to GO.

Fig. 10. Influence of GO coating thickness (mg m− 2 deposited) and crosslinker 
species on rejection of Rhodamine WT solution from aqueous solution in dead- 
end cell test. The crosslinker mass fraction was 0.002 with respect to GO.

Fig. 11. Image of 208 mg m− 2 GO-coated PES membranes after filtration ex-
periments, (left) without crosslinker and (right) with 0.002 mass fraction 0.8k 
PEI with respect to GO.
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linkers offered greater shear modulus and greater elastic modulus under 
compression than their counterparts that were crosslinked with rigid 
OA-POSS nanoparticles. This result was attributed to the greater ability 
of the flexible PEI crosslinker to form bridges that span between func-
tional groups of adjacent GO sheets. Two measures of reinforcement 
were identified as being most useful; the low strain elastic modulus 
which provides a measure of resistance to deformation under elastic 
conditions, and the flow stress, at which point the behaviour of the 
composite transitions from elastic solid to viscous liquid. Both measures 
of reinforcement showed qualitatively similar trends. At low crosslinker 
loadings there was a sharp increase in reinforcement with increasing 
crosslinker concentration before a broad plateau, and at the highest 
crosslinker concentrations explored, there was some evidence for a 
decrease in modulus and flow stress. The concentration dependence was 
consistent with the probability of forming crosslinks between adjacent 
GO sheets when the crosslinker was introduced to the dispersion.

The levels of crosslinker that gave the greatest reinforcement yielded 
a material that was difficult to coat evenly onto a PES membrane. 
However, even at very low PEI crosslinker loadings, membranes could 
be coated with reinforced GO, which improved their resilience without 
compromising flux or rejection with respect to Rhodamine WT.

Our work has highlighted the importance of crosslinkers not only for 
defining rejection or selectivity of membranes via interlayer spacing, but 
also for their ability to generate a membrane that can withstand the 
stresses imposed during filtration processes. Our results also highlight 
the need to for engineering solutions to accompany crosslinking chem-
istry in order to generate truly resilient nanofiltration membranes.
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