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A B S T R A C T   

The self-assembly of graphene oxide (GO) and M13 bacteriophage results in the formation of micro-porous 
structures, known as GraPhage13 aerogels (GPA). Given the limited applications of aerogels in industry due 
to their nanomechanical properties, along with the previously observed temperature-dependent characteristics in 
graphene-based nanocomposites, a thorough exploration of the thermosensitive nanomechanical properties of 
GPA is essential. Herein, a comprehensive characterisation of the morphology, composition, and spectroscopic 
analysis of the GPA for a range of temperatures has been conducted and correlated with its nanomechanical 
properties. Elevated temperatures have been found to lead to gradual removal of oxygen-containing functional 
groups (OCFGs) from GPA, resulting in increased structural defects and reduced stiffness. Notably, unique 
nanomechanical behaviours of GPA have been further identified, where the thermal expansion of sp3 bonds 
exceeds that of a crystalline sp3 structure, while the thermal contraction of sp2 bonds in GPA is found to be 
between graphite and GO. This underscores the impact of GO functionalisation on the thermal expansion 
behaviour of GPA. The obtained insights enhance the overall comprehension of the temperature annealing 
impact on GPA and highlight the tunability of its nanomechanical properties, showcasing a broad potential of 
this novel nanocomposite across a diverse range of applications.   

1. Introduction 

Graphene Oxide (GO) is an atomically thin layer of sp2-hybridised 
carbon with oxygen-containing functional groups (OCFGs) such as hy-
droxyl, carboxyl, carbonyl and epoxide [1]. The presence of the OCFGs 
enables GO to interact with biomolecules, facilitating its self-assembly 
into graphene-based nanocomposites [2]. These structures have 
demonstrated a wide range of applications such as in bone tissue engi-
neering [3,4], anti-corrosion coatings [5,6] and drug delivery [7,8]. 
Previous research has established that GO interacts with the M13 
bacteriophage [9,10], a filamentous virus with dimensions of approxi-
mately 6.6 nm in width and 880 nm in length [11]. M13 phages 
comprise of circular-shaped single-stranded DNA, surrounded by a 

capsid consisting of 2700 copies of the pVIII major coat protein. The 
minor coat proteins pIII and pVI are present at its head and pVII and pIX 
at its tail [12]. The self-assembly of GO and M13 enables the fabrication 
of GraPhage13 aerogels (GPA). These nanocomposites exhibit a porous 
structure, resulting in a high surface area of 325 m2 g− 1 and ultra-low 
density of 8.8 mg/cm3 [9], with the properties of GPA being tuneable 
for specific applications. Manipulating the genetic and chemical prop-
erties of M13 holds considerable potential in altering the characteristics 
of GPA, including the modification of its binding [13,14] and electrical 
properties [11,15]. Moreover, the integration of additional nano-
materials into the GPA structure can further enhance its properties, with 
the integration of carbon nanotubes amplifying the electrical conduc-
tivity by a factor of 30 compared to the original GPA [16]. With these 
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prospects, alongside the cost-effective, scalable and environmentally 
friendly production of GPA [9], it has been continuously establishing 
itself as an appealing nanomaterial for a broad range of applications 
ranging from adsorbents [17,18], through electrodes [19,20] and onto 
sensors [21,22]. 

To enable the utilisation of aerogels in these applications, they must 
exhibit excellent mechanical properties including a high mechanical 
strength and stability, elasticity, durability, and thermal stability [23, 
24]. However, aerogels often suffer from suboptimal mechanical char-
acteristics such as low mechanical stability, brittleness, and poor 
deformation recovery, thereby limiting their potential in industrial 
exploitation [25,26]. Since graphene-based hybrid nanocomposites 
have previously demonstrated temperature-dependent stability, struc-
ture and mechanical properties [27,28], it is imperative to evaluate the 
influence of temperature on the morphology, composition and nano-
mechanical properties of GPA to facilitate the comprehensive under-
standing of GPA’s sensitivity to changes in temperature as well as its 
inherent tunability. Understanding the thermomechanical properties of 
GPA, especially under varying temperature and related mechanical 
stress conditions, is critical to ensuring their reliability and efficiency in 
applications such as electronics, where the devices are heated during 
operation. This knowledge not only aids in optimising their performance 
but also opens new possibilities for their use in environments with 
extreme temperature conditions, e.g., cryogenic applications, or me-
chanical demands. 

In this study, the effects of temperature on the morphology, 
composition and nanomechanics of GPA were examined through the 
annealing of the nanocomposite at temperatures ranging from 25 ◦C to 
300 ◦C. This range is aligned with the commonly applied temperatures 
for various applications including for instance, low temperature thermal 
energy storage [29,30], gas sensors [31,32] and carbon capture [33,34]. 
The morphology and composition of GPA have been subsequently ana-
lysed via scanning electron microscopy (SEM) and energy-dispersive 
X-ray spectroscopy (EDX). Furthermore, the nanomechanical proper-
ties have been investigated by obtaining force-distance (F-D) curves via 
atomic force microscopy (AFM) and, to gain an in-depth understanding 
of the effect of temperature on the structure of GPA, Raman spectros-
copy with in-situ annealing has been performed. The annealing of GPA 
was found to increase the carbon-to-oxygen (C:O) ratio, modify the 
presence of crystal defects and reduce both the stiffness of the nano-
composite as well as the adhesion force between it and the AFM probe. 
The thermal expansion rate of sp3 bonds in GPA were established to 
exceed these in a crystalline sp3 structure, while the sp2 bonds exhibited 
thermal expansion behaviour between graphite and GO, signifying the 
impact of graphene oxide’s functionalisation on the thermal expansion 
of GPA. 

This research highlights the improved understanding of the 
temperature-dependent properties of GPA and elucidates the potential 
to manipulate its structure, composition and nanomechanics through 
the heat exposure. Advancing our understanding of GPA, a carbon-based 
aerogel, utilising its enhanced thermal and nanomechanical properties, 
make it a promising candidate for environmental applications including 
water purification systems and air filtration as well as in the develop-
ment of smart materials for sensors and actuators. 

The findings collectively not only contribute to the expanding body 
of knowledge on carbon materials, offering insights pertinent to a broad 
range of applications ranging from nanotechnology to environmental 
engineering but also emphasise the ability to fine-tune the GPA, paving 
the way for the integration of this novel nanocomposite in graphene- 
based devices for applications in for instance, electromagnetic wave 
absorption [35,36], oil-water separation [37,38] or thermal energy 
storage [39,40]. 

2. Materials and methods 

2.1. Propagation and purification of M13 bacteriophage 

The protocol for propagating and purifying the M13 bacteriophage 
has been adopted from Stokes et al. [10]. In brief, M13 bacteriophage 
(New England Biolabs, UK) was propagated using One Shot TOP10F’ 
Chemically Competent Escherichia coli (E.coli) (Thermo Fisher Scienti-
fic). Initially, E.coli cells were cultivated by inoculating nutrient broth 
(NB) agar (Sigma) plates and incubating them overnight at 37 ◦C. The E. 
coli was then transferred from the petri dishes into 50 mL falcon tubes 
containing Nutrient Broth (NB) and tetracycline (Sigma) dissolved in 
ethanol to achieve a final concentration of 5 μg/ml. These tubes were 
placed in a shaker incubator and incubated overnight at 37 ◦C, 150 rpm. 
This E.coli-NB-tetracycline solution was directly used for the M13 
propagation process. M13 was incubated overnight in NB along with the 
E.coli-NB-tetracycline solution and tetracycline dissolved in ethanol, to 
achieve a final concentration of 5 μg/ml. The solution was then sub-
jected to centrifugation twice (Beckman Coulter, JLA 10.5), combined 
with a mixture of 25 % polyethylene glycol (PEG) 6000 and 2.5 M NaCl 
(Sigma) and left to stir on ice for 90 min. After centrifugation, a white 
pellet was obtained, which was then resuspended in deionised water 
(DIW). This resuspended solution was deposited in 1.5 mL tubes and 
centrifuged in a microcentrifuge (SciSpin MICRO). The supernatant was 
transferred to new microcentrifuge tubes, PEG + NaCl was added, and 
the mixture was left on ice for 60 min. A final microcentrifuge step was 
performed, resulting in a white pellet of M13, which was resuspended in 
DIW. 

2.2. Ultraviolet-Visible (UV–Vis) spectroscopy 

The concentration of M13 in DIW was determined using an Aligent 
Cary 60 UV–Vis spectrophotometer with a 1 cm light path quartz 
cuvette. To establish a baseline, a spectrum of DIW was initially ob-
tained. Prior to analysing the samples, they were transferred into 1.5 mL 
centrifuge tubes and placed on an orbital shaker for 1 min to ensure the 
uniform distribution of M13 in DIW. The concentration of M13 was then 
calculated based on the resulting spectrum using the Beer-Lambert Law, 
with an extinction coefficient of 3.84cm2/mg at 269 nm. To confirm the 
viability of the M13 bacteriophage, specific characteristics in the spec-
trum were assessed. These included an absorbance peak at 269 nm 
(A269), a local minimum absorbance at 245 nm (A245), and a baseline at 
350 nm (A350). The purity and viability of the produced phages were 
determined based on the A269/A245 ratio (~1.37) and the A350/A269 
ratio (~0.02) [41]. 

2.3. Fabrication of GraPhage13 aerogels (GPA) 

The process of fabricating GraPhage13 aerogels (GPAs) has been 
adopted from Passaretti et al. [9], where the M13 and GO (Graphene 
Supermarket, SKU-HCGO-W-175ML) were added a 10 mM citrate buffer 
pH 4.9, to a final concentration of 0.3 mg/ml. This enabled the M13 and 
GO to self-assemble, forming an aggregate [10]. After thoroughly mix-
ing the solution with an orbital shaker at 250 rpm for 15 min, it was 
centrifuged at 15,000 rpm for 1 min to produce a GO-M13 pellet. 
Removing 90 % of the supernatant and resuspending the pellet in the 
remaining supernatant generated the GraPhage13 hydrogel (GPH). 
Following this, 20 µL of GPH was deposited onto a 0.5 × 0.5 cm2 silicon 
substrate and dried in a vacuum for 30 min, producing GPA. The 
fabricated GPAs were subsequently annealed (GenLab) between 50 and 
250 ◦C for 30 min. 

2.4. Scanning electron microscopy and pore size analysis 

GPA morphology was imaged using a Hitachi SU5000 scanning 
electron microscope (SEM). To mitigate charging effects caused by the 
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insulating nature of GPAs, low-voltage imaging at 0.5 kV was employed. 
This approach was preferred to avoid obscuring pores with gold coating 
and preventing potential sample damage from high-energy electron 
beams. For the analysis of pore size distribution, ImageJ was utilized. 
[42]. The pixel size was converted to µm and to reduce noise and arte-
facts, which might be misinterpreted as pores, a Gaussian Blur filter was 
applied to the images for smoothing. Subsequently, the contrast was 
enhanced to improve pore visibility and a threshold was applied to 
generate a binary image. The separation of individual pores was ach-
ieved through a two-step dilation followed by a two-step erosion pro-
cess. This allowed for precise pore area determination, facilitating the 
calculation of pore diameters and obtaining the pore size distribution. 

2.5. Energy-Dispersive X-ray (EDX) spectroscopy 

The elemental composition was determined via energy-dispersive X- 
ray spectroscopy using a Hitachi TM3030 microscope equipped with 
Oxford Instruments Swift ID, operating at 15 kV. 

2.6. Force-Distance (F-D) curves 

Force-distance curves were acquired using a Bruker Innova atomic 
force microscope equipped with Bruker DNP-10 probes. These probes 
consist of silicon nitride cantilevers with 20 nm silicon nitride tips, with 
a resonance frequency of 65 KHz and spring constant of 0.35 N/m. 

Fig. 1. Characteristic SEM images of micronano morphology at (a-b) 100x, (c-d) 500x and (e-f) 2000x magnifications of (a. c. e) GPA and of (b, f, f) GPA250.  
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2.7. Raman spectroscopy with in-situ annealing 

Raman microscope (Renishaw inVia Reflex Spectrometer System) 
was calibrated using Silicon with peak at 520 cm− 1 [43]. The sample 
was then placed in the heating chamber, inserted into the chamber of 
Raman microscope, and connected to a temperature controller (Linkam 
Scientific Instruments Ltd TMS 94). Through initial investigations, it was 
found that the optimal laser wavelength to reduce damage to GPA was 
442 nm at 0.5 % laser power, with an exposure time of 120 s to reduce 
the fluorescent background. The temperature varied between 25 ◦C and 
300 ◦C at a heating rate of 10 ◦C/min and spectra were acquired at 
various increments. Subsequently, the spectra were processed using 
Origin Pro-through subtracting the baseline and fitting Lorentzian peaks 
to each spectrum. 

3. Results and discussion 

3.1. Micronano-morphology and composition 

The morphology of GPA at ambient temperature was compared to 
GPA annealed at 250 ◦C for 30 min (GPA250) (Fig. 1a-d). The specific 
GPAs were selected for comparison since they represent the two ex-
tremes of the attainable temperature range. The annealing process has 
been identified to cause irreversible changes to the micronano-structure 
of the nanocomposite (Fig. 1, c-d), with the original porous structure 
remaining intact even at the higher temperature of 250 ◦C. This is most 
probably due to the strong interactions between the positively charged 
N-terminus and K8 residue of M13 and the carboxylic acid groups in GO 
[10]. These interactions increase its overall structural stability following 
annealing and consequently, prevent structural changes in the subse-
quent heating to similar temperatures. 

Although the morphologies of GPA and GPA250 appear similar, there 
is a difference in the porosity, with the larger pore sizes identified for 
GPA250 compared to GPA. Accurately quantifying the change in pore 
size caused by the heat treatment poses significant challenges. Con-
ventional methods such as gas sorption e.g., BET, are generally used to 
detect pore sizes in the range of 2–50 nm [44], however SEM imaging 
reveals that pore size distribution present in the GPA are both <2 nm as 
well as >50 nm (Fig. 1). Furthermore, the combination of the mass re-
quirements for BET measurements and the low density of GPAs com-
plicates the generation of sufficient quantity for analysis [9,45]. An 
additional technique to ascertain the pore size distribution, i.e., mercury 
porosimetry, entails the application of high-pressure gas, which warps 
the pore structure or destroys the aerogel. Furthermore, results obtained 
from BET and mercury poroismetry often exhibit significant discrep-
ancies from each other and from the corresponding SEM images [46]. 
Considering the overall limitations, the in-depth analysis via SEM im-
aging enables the comparison of the average 2D pore size distribution 
(Fig. 2). 

In Fig. 2, the variation in pore size distribution from SEM images (n =
3) taken over the same area highlights the differences between GPA and 
GPA250. GPA is found to exhibit a notably higher number (1160 ± 40) of 
pores with diameter below 30 μm compared to the GPA250 (900 ± 30)). 
With the increase in the pore size, the distributions equalize, where both 
GPA and GPA250 exhibit a similar number of pores with diameters in the 
range of 40–50 μm. For diameters exceeding 50 μm, GPA250 exhibits a 
higher pore count (32 ± 4) compared to GPA (18 ± 3). This may be 
attributed to elevated temperatures, which lead to the removal of certain 
OCGFs through the emission of gases, such as the CO2, disrupting bonds 
between GO and M13 and increasing the occurrence of larger pores [47, 
48]. 

The effect of temperature on the GPA was further investigated using 
energy dispersive x-ray (EDX) spectroscopy. The representative spec-
trum of GPA250, (Fig. 3a) in comparison to the EDX spectra of GPA re-
ported by Passaretti et al. and Stokes et al. [9,10], demonstrated a higher 
ratio of carbon-to-oxygen (C:O) for GPA250 relative to GPA. With the 

increase in annealing temperature from 25 ◦C to 250 ◦C, the C:O ratio is 
found to increase from 1.19 ± 0.01 for GPA to 1.58 ± 0.03 for GPA250 
(Fig. 3b). This confirms that the higher annealing temperatures pro-
gressively reduce GO towards its reduced graphene oxide (rGO) form by 
removing its OCFGs, leading to an increase in the C:O ratio [49]. The 
reduction of GO, in turn, improves both the mechanical and electrical 
properties of GPA, highly applicable for the emerging miniaturised de-
vices under development [50–52], 

3.2. Nanomechanics 

The nanomechanics of GPA annealed at varying temperatures has 
been subsequently investigated through the force-distance (F-D) curves 
(Fig. 4) obtained via AFM, allowing for a detailed examination of the 
mechanical response of GPA after being subjected to a range of 
annealing temperatures. This also provides further insights into the 
adhesion forces and stiffness of GPA, offering a comprehensive under-
standing of how this nanomaterial responds to temperature-induced 
changes. 

Following the approach curves from right to left hand side shows an 
initial absence of contact between GPA and the tip results in zero force 
(Fig. 4). Once the attractive forces between the tip and GPA overcome 
the spring constant of the cantilever, the tip snaps into contact with the 
surface of GPA, leading to an observed increase in the force in the 
negative direction [53]. The tip continues the approach, indenting the 
GPA and bending the cantilever whilst increasing its deflection, until a 
set maximum force is obtained. Since the cantilever deflection is pro-
portional to the force applied to the sample, the stiffness can be deter-
mined by calculating the force applied to GPA over the indentation 
distance. The stiffness quantifies the capacity of the sample to withstand 
external forces without undergoing deformation and can be derived by 
determining the gradient of the approach curve in the contact region, i. 
e., above 0nN [54,55]. The variation in GPA stiffness versus varying 
temperatures is shown in Fig. 5a, where it is evident that the stiffness of 
GPA decreases with temperature, from 82.9 ± 0.6 N/m at 25 ◦C to 36.1 
± 0.4 N/m at 250 ◦C, most likely due the morphology. Shown in 
Figs. 1-3, subjecting GPA to higher temperatures increases the distance 
between surface asperities due to the removal of OCFGs, reducing the 
stress transfer through the structure, and therefore reducing the stiffness 
[56,57]. The decreasing strain with temperature could be also attributed 
to the crystal defects introduced into the GPA, inducing irregularities in 
its structure [58]. 

Subsequently, following the retraction curve (Fig. 4) from left to 
right, various attractive forces between the tip and the GPA, e.g., elec-
trostatic, capillary, van der Waals and contact forces, cause the tip to 

Fig. 2. The distribution of pore diameter of GPA and GPA250. The count rep-
resents the number of pores detected in a SEM image at 100x magnification. 
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bend towards and adhere to the sample as the tip retracts. The spring 
constant of the cantilever eventually overcomes the adhesion between 
the tip and GPA and disengages from the nanocomposite surface, 
restoring the force to zero. The adhesion force between the AFM probe 
and GPA is determined by the maximum negative force on the deflection 
curve [59,60]. 

The adhesion forces between the probe and GPAs annealed at 
different temperatures (Fig. 5b) indicate that increasing the annealing 
temperature results in the reduction of the adhesion force from 16.8 ±
0.1nN at 25 ◦C to 10.4 ± 0.6nN at 250 ◦C. This is attributed to structural 
changes to GPA. The F-D curves were conducted under ambient condi-
tions, with forces arising from the capillary condensation dominating 
the adhesive forces [61,62]. Annealing GO leads to its gradual reduction 
towards the rGO, characterised by fewer OCFGs and more sp2-hybridised 
carbon [49,63]. Since OCFGs interact with water whilst sp2-hybridised 
carbon is hydrophobic, the reduction of GO leads to an increased hy-
drophobicity [64,65]. Water droplets on the surface of more 

hydrophobic structures demonstrate larger contact angles and high 
motilities, leading to a lower adhesion force [66,67]. 

Furthermore, the reduction in adhesion force may also relate to al-
terations in the porous micronano-morphology. Subjecting GPA to 
increased temperatures (Figs. 1-2) changes to pore size distribution, 
reducing the number of pores between 0 and 40 μm and increasing the 
number of pores in the range of 50–100 μm. Given that the adhesion 
force is related to the contact area between surface asperities, larger 
pore sizes result in a smaller contact area, reducing the adhesion force 
[68]. A reduction in the adhesion force also lowers the strain transfer 
between materials with a thermal expansion coefficient mismatch, such 
as GPA and the substrate or applied coatings. The ability of GPA to 
mitigate strain transfer under varying temperatures could lead to an 
improvement in stability and performance of future GPA-based devices 
[69,70]. 

3.3. Raman spectroscopy with in-situ thermal treatment 

Raman spectroscopy was applied to study the changes to the struc-
ture of GPA and GPA250 with temperature. The in-situ thermal treatment 
setup enabled temperatures up to 300 ◦C to be accomplished. The 
representative spectra exhibit two prominent peaks at shifts of 1360 
cm− 1 and 1590 cm− 1, and signal-to-noise (SNR) ratio noticeably higher 
for GPA250 compared to GPA for the same acquisition time (Fig. 6a-b). 
This is attributed to several factors, including the temperature increase, 
which causes the water absorbed within the GPA to evaporate and 
subsequently condense on the walls of the heating chamber. Conse-
quently, the laser focus is compromised, leading to a reduction in the 
number of counts and affecting the SNR. Furthermore, the spectra are 
affected by thermal background radiation. While the constant compo-
nent of this radiation can be removed, random thermal fluctuations 
remain unaccounted for, leading to a decrease in the SNR [71]. 

The two characteristic peaks identified via Raman spectra for GPA 
and GPA250 could potentially be a superposition of multiple spectral 
bands. Therefore, to determine the optimal peak fitting, various fits were 
investigated for GPA and GPA250 (Fig,6, c-f) via the Bayesian Informa-
tion Criterion (BIC), enabling a statistical comparison, with the fit with 
the lowest BIC value considered the most suitable for the spectrum 
analysis [16,72]. 

BIC values for Raman spectra of GPA fitted with varying numbers of 
peaks (Table 1) show a decrease of 974 from a 2-peak to a 4-peak fit, 
followed by a subsequent increase of 20 for a 5-peak fit, indicating that 

Fig. 3. (a). Representative EDX spectrum of GPA250. (b). Change in carbon-to-oxygen ratio of GPA versus temperature.  

Fig. 4. Force-distance (F-D) curves for GPA and GPA250 obtained through 
atomic force microscopy. Inset: the stiffness is the gradient of the approach 
curve in the contact region and the adhesion force is the maximum negative 
force on the retraction curve. 
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the 4-peak fit (Fig. 6e) is the optimal choice. The G-mode peak (Figs. 6, 
c-f) arises from the stretching of the sp2 bonds between pairs of carbon 
atoms, whilst the D’-mode is attributed to crystal defects, which stem 
from the functionalisation of sp2 bonds in GO, resulting in a disorder- 
induced phonon mode [73,74]. The G− mode originates from the pres-
ence of defects from amorphous sp2 bonded structures, resulting from 
the softening of carbon-carbon bonds due to the functionalisation of GO 
[74]. This has previously been associated with the presence of M13 
disrupting the graphene plane, or charge transfer between M13 and GO 
[16]. The peak profile over the D-mode range likely has a contribution 
from both sp2 and sp3 peaks. In graphene-based materials, the D-band is 
often associated with the presence of defects, edges, or other structural 
disorders, therefore sp2 hybridised carbon atoms in the graphene lattice 
can contribute to the D-band, especially if there are defects or irregu-
larities in the hexagonal structure. Additionally, the sp3 hybridised 
carbon atoms, which are characteristic of amorphous carbon or carbon 
with a more disordered structure, can also contribute to the D-band [9, 
16,75]. 

Conversely, for GPA250, the 2-peak fit exhibits the lowest BIC value 
(Fig. 6d), suggesting it is the most suitable peak fit instead of the 4-peak 
fit (Fig. 6f). The difference in the optimal fitting between GPA and 
GPA250 can be attributed to structural changed induced by the different 
temperatures. The D′ peak tends to merge with the G peak at high defect 
concentrations, suggesting that exposing GPA to elevated temperatures 
leads to an increase in the number of defects within the structure [76]. 
However, it should be noted that the G− , G and D’ peaks in the 4-peak fit 
are all associated with the presence of sp2 bonds and can be super-
imposed to form the G-mode peak in the 2-peak fit. Therefore, for the 
purpose of tracking the effect of temperature on the Raman spectrum, 
the two-peak fit with the D-mode and G-mode is sufficient. The two-peak 
fit for GPA and GPA250 is shown in Fig. 6c and d, respectively. 

Fig. 7 illustrates the position of the D and G peaks as the temperature 
is incrementally increased in-situ within Raman spectrometer. This was 
compared to the predicted trend of the shift caused by the thermal 
expansion of graphite, GO and diamond, derived by comparing the 
thermal expansion to the relationship between strain and Raman shift, 
to determine whether changes in the position of D and G modes are a 
consequence of thermal expansion of GPA [77–80]. The thermal 
expansion of a material results from the response of its structure and 
bonds to changes in temperature. By comparing the 
temperature-dependent evolution of the Raman D band frequency of 
diamond, a sp3 hybridised structure, to that of GPA, allows to discern 
whether the D peak is predominantly influenced by sp3 bonds. This 

would exhibit a downward shift with an increase in temperature. 
Conversely, if it is influenced by sp2 bonds, it would demonstrate an 
upward shift, consistent with a small yet negative thermal expansion 
coefficient of graphene and in-plane graphite, leading to the stiffening of 
sp2 carbon-carbon bonds. Conversely, the G peak represents the sp2 

bonds in GPA, capturing the functionalisation and defects associated 
with these bonds. However, unlike its constituent GO, exhibits a 
three-dimensional carbon-based architecture and therefore, the Raman 
shift caused by the thermal expansion of both GO and graphite was 
compared to the Raman shift of the G peak [81,82]. 

The general trend in Fig. 7a demonstrates that the D peak position 
decreases as the temperature increases, with the largest Raman shift of 
1369.1 ± 0.7 cm− 1 at 40 ◦C and the lowest of 1363 ± 3 cm− 1 at 300 ◦C. 
This redshift with temperature suggests the softening of the carbon- 
carbon bonds, with the predominant influence being attributed to the 
sp3 Raman mode rather than the predicted sp2 D-mode [81]. On the 
other hand, the position of the G peak progressively increases with 
temperature (Fig. 7b) [16], exhibiting a minimum shift of 1586.5 ± 0.4 
cm− 1 at 25 ◦C and reaching 1592 ± 2 cm− 1 at 300 ◦C, demonstrating the 
stiffening of sp2 bonds and therefore implying that both the stiffening 
and softening of carbon-carbon bonds occur in GPA, demonstrating the 
different inherent structures present. Further, the predicted Raman shift 
for diamond with the D-mode (Fig. 7a) demonstrates downshift with 
temperature, indicating that the position of the latter is dependent on 
the thermal expansion of GPA. Moreover, Fig. 7a demonstrates that the 
thermal expansion rate of sp3 bonds in GPA exceeds that of the crys-
talline sp3 structure, revealing a distinctive thermal behaviour. The 
difference in the thermal expansion rates, with the D-mode showing a 
downshift of 0.030 ± 0.003 cm− 1/◦C and diamond a downshift of 
0.0093 cm− 1/◦C, could be because of the differences in the micro-
structure of GPA and diamond. However, it could also be indicative of 
presence of defects in the GPA micronano-structure, increasing the 
distance between neighbouring carbon atoms [81]. 

Furthermore, comparing the temperature-induced upshift of the GPA 
G-mode with the thermal expansion of graphite and GO (Fib. 7b) reveals 
the in-plane thermal expansion of GPA between graphite and GO. The 
substantial deviation in the Raman shift trend, in contrast to the thermal 
contraction behaviour of GO, suggests that the in-plane thermal 
expansion of GO in GPA is not solely influenced by thermal contraction 
of the sp2 bonds, but also by the GPA micronano-structure. The larger 
shift rates for the GPA G-mode compared to the graphite in-plane 
thermal expansion demonstrate complex in-plane thermal expansion 
of the nanocomposite, determined by the functionalisation of GO. The 

Fig. 5. The change in (a) stiffness of GPA and (b) the adhesion force between the AFM probe and the GPA, with increasing annealing temperature.  
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upshift in the G-mode, lying between the thermal expansion of graphite 
and GO, indicates that the functionalisation of GPA does impact the 
thermal expansion coefficient of the sp2 C-C bonds, highlighting a 
unique nanomechanical feature in the nanocomposite [79,83]. 

To explore further potential indicators for structural changes of GPA 
with temperature, the relationship between the temperature and the full 

width half maximum (FWHM) of the Raman peaks was analysed. Both 
the D-mode (Fig. 8a) and the G-mode (Fig. 8b) FWHM are found to 
decrease with temperature from 25 ◦C to 200 ◦C, with the D-mode 
decreasing from 114 ± 2 cm− 1 to 82 ± 2 cm− 1 and the G-mode from 74 
± 1 cm− 1 to 61 ± 2 cm− 1. This represents the gradual reduction of GO 
whilst some of the OCFGs are removed [84,85]. Beyond the temperature 

Fig. 6. Raman spectra of (a) GPA and (b) GPA250 with the optimal 2-peak fit (c-d) and 4-peak fit (e-f), respectively.  
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of 200 ◦C, there is a general increase in the FWHM, with the G-mode 
increasing to 104 ± 6 cm− 1 at 300 ◦C and the D-mode increasing to 131 
± 6 cm− 1 at 270 ◦C. The significant change in the FWHM observed at 
temperatures higher than 200 ◦C demonstrates the increase in structural 
deformation [86]. This corresponds with the observations in SEM im-
ages (Fig. 1) of the structural changes caused by high temperature 
treatment. Moreover, this is consistent with Fig. 5a, illustrating a 
decrease in GPA stiffness with increasing temperature thereby, 
rendering the GPA more prone to deformation. 

To further understand the reduction in the D-mode FWHM to 90 ± 8 
cm− 1 at 300 ◦C and investigate the temperature-induced alterations in 

the micronano-structure of GPA, the ratio of the D-mode and G-mode 
intensities (ID/IG) was examined (Fig. 9), which provides a measure of 
defects in GPA with temperature [84]. Between 25 ◦C and 60 ◦C, ID/IG 
decreases from 1.07±0.02 to 0.90 ± 0.02, whereafter, the ID/IG in-
creases with temperature to 1.3 ± 0.1 at 270 ◦C until a sudden drop-off 
at 300 ◦C, which has an ID/IG value of 0.57 ± 0.04, closely resembling 
previous findings of ID/IG for GO [87,88]. 

There are two competing mechanisms contributing towards the ID/IG 
ratio with increase in temperature. As GO decomposes, OCFGs are 
removed from the structure, reducing the number of defects and there-
fore, lowering the ID/IG. However, some of the OCFGs removed may be 
carbonyl and carboxyl groups, and carbon atoms are removed from the 
structure through the elimination of these functional groups, in the form 
of gases such as CO and CO2. This generates crystal defects in GPA and 
therefore increases ID/IG [48,89,90]. GO starts to decompose at tem-
peratures above 60 ◦C, however, a decrease in ID/IG is visible below this 
temperature. 

This can be attributed to the desorption of water within the GPA 
structure, which reduces the number of defects. The increase in ID/IG 

Table 1 
Comparison of the BIC values of the 2-peak and 4-peak fits to the Raman spectra 
of GPA acquired at 25 ◦C and 250 ◦C.  

Sample BIC Value  
2-peak 3-peak 4-peak 5-peak 

GPA 7665 7073 6691 6711 
GPA250 9186 9190 9202 9223  

Fig. 7. Position of Raman peaks for GraPhage13 aerogels with temperature: (a) Position of D-mode compared to the Raman shift resulting from thermal expansion of 
diamond and (b) position of the Raman shift resulting from thermal expansion of graphene oxide and graphite. 

Fig. 8. The full width half maximum (FWHM) of the GPA (a) D-mode and (b) G-mode Raman peaks as function of temperature.  
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between 60 ◦C and 270 ◦C suggests the increased removal of carboxyl 
and carbonyl groups with temperature. The sudden decrease in ID/IG at 
300 ◦C implies that further OCFGs are being removed without the 
additional carbon atoms and since the epoxy groups are removed at 
temperatures higher than 400 ◦C, it is likely that the decrease in ID/IG 
signifies the onset of the hydroxyl groups removal from GO [49,85,86]. 

4. Conclusions 

The effect of annealing GraPhage13 aerogels (GPA) on their 
micronano-morphology, composition and nanomechanical properties 
has been investigated through a suite of SEM, EDX, AFM force mea-
surements and Raman spectrometry. The EDX spectra revealed that 
annealing GPA increases the carbon-to-oxygen ratio, with the gradual 
reduction of graphene oxide (GO) through the elimination of its oxygen- 
containing functional groups (OCFGs). The occurrence of crystal defects 
in GPA with temperature was also found to depend on the elimination of 
OCFGs and consequently, the removal of the carbon attached to the 
carbonyl and carboxyl groups. Annealing GPA also changes its nano-
mechanical properties, with both the adhesion force between the AFM 
probe and the GPA as well as the stiffness of the nanocomposite 
decreasing with an increase in temperature. 

The structural changes of GPA with temperature ranging from 25 ◦C 
to 300 ◦C have been further studied via Raman spectroscopy with an in- 
situ annealing. The representative spectra of GPA demonstrated two 
dominant peaks, with the D-mode arising from contribution of sp3 

Raman peak and the peak originating from disordered sp2 carbon, and 
the G-mode from the stretching of sp2 carbon-carbon bonds. The D-mode 
was found to downshift with the increase in temperature, attributed to 
the softening of sp3 bonds and the presence of defects. Conversely, the G- 
mode was found to upshift, owing to the stiffening of sp2 bonds due to 
the negative thermal expansion coefficient of GO. Comparing the D- 
mode and G-mode Raman shift to the thermal expansion of diamond, GO 
and graphite demonstrated the unique thermal and nanomechanical 
behaviours of GPA. The thermal expansion rate of sp3 bonds in GPA 
surpasses that observed in a crystalline sp3 structure and the sp2 bonds in 
GPA exhibit a thermal expansion between graphite and GO, indicating 
that the functionalisation of GO influences the thermal expansion of 
GPA. GraPhage13 aerogel, derived from the self-assembly of graphene 
oxide and M13 bacteriophage, presents a micro-porous structure with 
potential industrial applications. Annealing at elevated temperatures 
results in the removal of oxygen-containing functional groups from GPA, 
transforming GO into reduced graphene oxide, and leading to larger 
pore sizes, smaller contact areas and hen\ce reduced adhesion and 
stiffness. Notably, GPA exhibits unique thermal behaviours where the 

sp3 bonds expand more than in crystalline structures, and sp2 bonds 
contract in a range intermediate between graphite and GO. These 
findings highlight the significant influence of GO functionalization on 
GPA’s thermal properties. Advanced Raman spectroscopy analysis 
further reveals consistent defect levels and exceptional thermal- 
mechanical stability at the nanoscale. The enhanced understanding of 
GPA’s properties post-annealing indicates its applicability in diverse 
areas including electronic and photonic devices, energy storage and 
conversion systems, environmental applications, and smart material 
systems. 

Overall, this study demonstrates the effect of temperature on the 
micronano-composition and nanomechanics of GPA as well as providing 
the underpinning insights into the mechanism behind these changes, 
whilst yielding the temperature-dependent properties and tunability of 
GPA and thus, laying the platform towards its exploitation in a range of 
applications as a versatile material in carbon-based technology. For 
instance, the tuneable nanomechanical properties of the GPA make it a 
promising candidate for the development of advanced sensors, capable 
of detecting subtle environmental changes, whereas its enhanced sta-
bility and performance within a broad range of temperatures, indicate 
its potential as a reliable material for energy storage systems, where 
thermal fluctuations are common. The overall unveiled unique charac-
teristic of this nanocomposite paves the way for the design and imple-
mentation of GPA in miniaturised devices, showcasing its versatility and 
importance in advancing technological innovations. 
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