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Abstract 

Graphene has inspired the intrigue of researchers and industry for its potential to 

improve the performance of existing materials and create entirely new materials 

and devices. Although graphene has numerous proposed applications, it has not 

seen widespread adoption in the marketplace. This is partly due to the limitations 

of existing graphene synthesis routes, which can be costly, hazardous, low yield, or 

difficult to scale. Electrochemical approaches to graphene synthesis, however, may 

allow us to address these challenges. 

In this thesis, an electrochemical route to graphene is developed and its 

applications explored. Specifically, a packed bed electrochemical reactor capable of 

producing electrochemically-derived graphene oxide (EGO) from graphite is 

introduced. The developed method has several distinguishing features which make 

it promising for certain applications and larger-scale implementation. In contrast 

to most existing electrochemical approaches, the current method can use as its 

input natural flake graphite with no binder, compression, or extensive pre-

processing. Low, constant current anodic charging in a dilute sulfuric acid 

electrolyte produces graphite oxide which can be readily dispersed in polar 

solvents to predominantly single- to few-layer EGO. The graphite electrode making 

up the packed bed can be scaled along all of its dimensions for larger scale 

implementations. The product can be thermally treated in air at 200 °C to increase 

its conductivity beyond what is possible with conventional, chemically-derived 

graphene oxide.  



iii 
 

Throughout the thesis, several key synthesis parameters are explored to improve 

our fundamental understanding of graphite oxidation and produce a variety of EGO 

products. It was found that using boron-doped diamond as the conductive 

interface between the graphite and power source dramatically improved the yield. 

The dispersibility and degree of oxidation could be increased by using expanded 

graphite as precursor. Poor electrolyte diffusion throughout the packed bed was 

overcome by implementing bulk solution diffusion channels inside the bed itself. 

A systematic study found several relationships between the electrolyte acid 

concentration and the product. Dilute sulfuric acids (less than or equal to 7.1 M) 

produced EGO with a less crystalline and less oxidised structure, relative to the 

more concentrated acid. It was found that 11.6 M sulfuric acid produced optimally 

oxidised graphene, while 7.1 M acid produced less oxidised, but more conductive 

material. 

Two different graphene applications were considered. The utility of EGO as a 

conductive nanofiller in lithium ion battery cathodes was demonstrated. A 

thorough investigation also explored EGO as a conductive nanofiller in flexible, 

wearable tactile sensors. Here, EGO can be readily mixed with aqueous surfactant-

wrapped polydimethylsiloxane (PDMS), 3D printed, then thermally deoxygenated 

in situ. The 3D printed sensors have exceptional feature resolution and 

performance. 

Ultimately, the current thesis represents a significant step forward for EGO 

synthesis and application. The experiments demonstrate the utility of 

electrochemical reactor engineering for producing new processes and unique 
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types of graphene. This type of work will be critical for the eventual larger-scale 

production of electrochemically-derived graphene. 
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 Introduction and Literature Review 
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Since Geim and Novoselov first isolated graphene in 2004 [1-3], it has become one 

of the most studied materials in modern materials science. Research interest in 

graphene has been driven by its unique combination of superlative properties. By 

some measures, graphene is one of the strongest materials known, with very high 

conductivity, transparency, and flexibility [4-6]. Because of these properties, 

graphene and its derivatives have promise for a variety of applications, from 

electronics and composite materials to biomedicine [6, 7]. However, a key 

challenge facing the industrial application of graphene is finding scalable, cost-

effective synthesis methods that produce graphene with desirable properties [8-

10]. In this introductory chapter, the literature surrounding graphene synthesis 

and applications is reviewed with a focus on the electrochemical synthesis method. 

This will lead to the motivation for the current thesis on the electrochemical 

synthesis of graphene. 

1.1 Literature review 

1.1.1 Overview of synthetic routes to graphene derivatives 

Graphene is a two-dimensional carbon allotrope formed by carbon atoms arranged 

in a repeating hexagonal lattice. It is found naturally in the form of graphite, which 

consists of several stacked layers of graphene. There are many graphene 

production routes, each producing a somewhat different graphene product [8, 10-

12]. These can be divided into bottom-up synthesis routes, where graphene is 

synthesised from carbon-containing compounds, and top-down routes, where 

graphene is exfoliated from a graphite precursor. As summarised in Figure 1.1, 

there is generally a trade-off between the quality and cost associated with each 

method. Methods that produce very high quality graphene (e.g. the bottom-up CVD 
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method) tend to be more costly. On the other hand, liquid phase exfoliation 

methods (including, in this case, electrochemical methods) can cheaply produce 

graphene in mass quantities, but the product tends to be of lower quality.  

 

Figure 1.1. Several graphene production methods plotted in terms of product 

quality and cost [13]. 

1.1.1.1 Bottom-up synthesis routes 

The first isolation of graphene was achieved using mechanical cleavage. In the now 

famous scotch tape experiment developed by Geim and Novoselov, adhesive tape 

was used to peel off layers of graphene from highly ordered pyrolytic graphite 

(HOPG) [1-3]. While this method produces graphene of high purity, it is not 

amenable to the large-scale production needed for applications outside the lab. 

Accordingly, several other methods that may be more scalable have been 

developed. Notable among these is the chemical vapour deposition (CVD) route 

[14, 15]. In the CVD method, typically a mixture of hydrogen and methane gas is 

introduced to a very high temperature chamber (>900 °C), where the methane 
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decomposes to its constituent carbon atoms. The carbon atoms then grow into 

graphene sheets on the surface of a metal catalyst such as copper or nickel [14]. 

The graphene, typically of high quality, can later be peeled off the metal substrate. 

In addition to the CVD method, other bottom-up approaches exist, including 

epitaxial growth on substrates such as SiC [16, 17] or solvothermal synthesis [18].  

1.1.1.2 Top-down synthesis routes 

Bottom-up synthesis methods are currently relatively expensive and not typically 

used for making very large (tonne scale) amounts of graphene. Wet chemical 

methods, on the other hand, offer a clearer path to large-scale, industrial 

production. There are several wet chemical approaches, including liquid phase 

exfoliation, chemical graphite oxide synthesis, and electrochemical synthesis. 

1.1.1.1.1 Liquid phase exfoliation 

In liquid phase exfoliation, graphite is suspended in a solution of high boiling-point 

solvents such as N-Methyl-2-pyrrolidone (NMP). After prolonged periods (an hour 

to days) of ultrasonication or shear mixing, graphene layers can be exfoliated and 

purified [19, 20]. Although in principle, liquid phase exfoliation could be used to 

make large quantities of graphene, the yield per litre of solvent is still relatively 

low. Prolonged sonication is also energy intensive and costly and can potentially 

damage graphene sheets. The process is being continually improved, however, and 

these advancements may make the method more attractive. 

1.1.1.1.2 Graphite oxide route 

A method which appears to have been implemented industrially is the graphite 

oxide route [9]. In this method, graphite is treated with strong oxidants and acid to 

both intercalate molecules between graphene layers and oxidise the graphene. 
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Generally, graphene oxide is produced from graphite using a modification of the 

Hummers method [21]. In this process, summarised in Figure 1.2, sulfuric acid 

(H2SO4) is thought to first intercalate graphite [22, 23]. An oxidant such as 

potassium permanganate (KMnO4) or sodium nitrate (NaNO3) is also added to the 

reaction mixture. With the assistance of the intercalating ions, the oxidant can 

react with the graphene, adding functional groups such as hydroxyl (-OH), epoxide 

(-O-), and carboxylic acids (-COOH) to form graphite oxide. This graphite oxide can 

then be exfoliated to graphene oxide (GO) via sonication or shaking. The GO can 

later be reduced chemically or otherwise to form more graphitic, reduced 

graphene oxide (rGO). 
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Figure 1.2. Process flow diagram for GO synthesis by the Hummers method [9]. 

The oxygen functionalities of GO impart good dispersibility in water and other 

polar solvents [24-27]. Oxygen groups also allow the material to be functionalised 
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through covalent attachment of small molecules or polymers [22, 28, 29]. These 

advantages of GO and more typically, the conductivity of its reduced form, rGO, are 

highly sought after for many applications, including transparent conductive films 

[30], lithium ion batteries [31, 32], ultracapacitor electrodes [33-37], dye-

sensitised solar cells [38], sensors to detect gases and biomolecules [39, 40], or 

fillers in polymers for better mechanical strength, electrical conductivity, or 

thermal stability [6, 41]. 

The main advantages of the chemical oxidation route are high yield and good 

dispersibility of graphene oxide, but there are some inherent issues and 

limitations. Apart from the generation of toxic gases (such as NO2 and N2O4 or 

ClO2) in most of the traditional oxidation routes, a major concern is the risk of 

explosion from manganese heptoxide (Mn2O7) formed in the Hummers method 

[42]. Furthermore, the residual metal ions from the chemical oxidants, such as 

KMnO4, K2FeO4 and KClO3, require additional purification steps, typically 

involving the use of H2O2 and HCl [43]. The use of strong oxidising agents also 

tends to introduce irreparable hole defects to GO sheets [44, 45], limiting the 

electrical conductivity of the subsequent rGO [46, 47].  

1.1.1.1.3 Electrochemical synthesis 

In contrast to the chemical oxidation route, the electrochemical exfoliation of 

graphite may present a greener way to produce less defective GO or more pristine 

graphene [48]. In the electrochemical approach, a positive or negative voltage is 

applied to a graphite working electrode, and this potential drives the intercalation 

of ionic species between the layers of graphite.  
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The electrochemical approach potentially has many advantages over traditional 

chemical methods [8, 49]. Electrochemical production can avoid the use of the 

harsh chemicals of Hummers method by making use of electrochemical activation, 

which may result in simpler product purification. In addition, the electrochemical 

route may produce unique derivatives of graphene unachievable with purely 

chemical approaches. Graphene produced using electrochemical methods can be of 

relatively high quality, with minimal hole defects and a tuneable level of oxidation 

[49]. Moreover, functional graphene can potentially be produced in a one pot 

approach. Electrochemically-derived graphene will likely find industrial 

applications in many of applications that have been envisaged for graphene [50]. 

Given the promise of the electrochemical method, we chose to explore this route 

for producing graphene. 

1.1.2 History and key studies on the electrochemical approach 

The idea of using electrochemistry to exfoliate graphene from graphite has its 

roots in early work in the electrochemistry of graphite intercalation compounds 

(GICs), which is briefly reviewed here. 

1.1.2.1 Electrochemically-produced graphite intercalation compounds 

GICs are defined as graphite with various molecules intercalated between its 

constituent graphene sheets. The intercalating molecule can either donate an 

electron to the graphite network (i.e. donor-type GIC), or an electronegative 

species can accept an electron, forming a charge transfer complex with graphite 

(i.e. acceptor-type GICs) [51]. It is also possible to have a ternary GIC, with both 

acceptors and donors co-intercalated. GICs have seen considerable research 
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interest due to their improved electrical and electronic properties relative to pure 

graphite. 

Electrochemical intercalation approaches have been reported as early as 1938, 

when Rüdorff and Hoffman used electrointercalation to prepare sulfuric acid GICs 

[52]. However, it was not until the 1970s and 1980s that interest in 

electrochemically-produced GICs intensified. In 1974, the Li/(CF)n primary battery 

was reported by Fukuda, and the 1970s marked the first commercially successful 

lithium/graphite fluoride battery system [53-55]. 

Much of the early work on electrochemically produced GICs forms the basis for 

contemporary electrochemical production of exfoliated graphene. For example, 

lithium GIC chemistry developed in the 70s and 80s would later be used to 

exfoliate graphene (e.g. [56]). Modern techniques take advantage of the 

intercalation phenomena extensively to essentially wedge apart graphene layers 

with ions of varying size. 

1.1.2.2 Electrochemically-produced graphene  

The first modern report using electrochemistry to produce graphene was in 2008 

by Liu et al. [57], who used a water and imidazolium-based ionic liquid mixture to 

exfoliate graphene from graphite rods. Since this report, there has been significant 

work on the electrochemical method.  

1.1.1.1.4 Experimental setup and principle 

The electrochemical setup used to exfoliate graphite normally contains the 

following elements: a graphite working electrode, counter electrode, an optional 

reference electrode, electrolyte, and power source. Most typically, graphite foil [58, 
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59] or graphite rod [57, 60-63] are employed as the graphite source. Platinum or 

graphite are most frequently used as counter electrodes. The experimental setup is 

usually arranged as shown in Figure 1.3 in a type of parallel plate reactor 

configuration, where the working and counter electrodes are immersed side-by-

side in the electrolyte. Positive or negative voltage is applied to the graphite 

working electrode, depending on the exfoliation mechanism desired.  

 

Figure 1.3. Schematic illustration of a typical parallel plate setup for the 

electrochemical exfoliation of graphite [64].  

The mechanisms behind electrochemical exfoliation (summarised in Figure 1.4) 

depend principally on the type of potential applied: anodic or cathodic. In the 

anodic approach, positive current withdraws electrons from the graphite working 

anode, creating a positive charge. This charge encourages the intercalation of bulky 

negative ions, such as sulphate anions, which increase the interlayer spacing 

between graphene sheets. In aqueous systems, water may co-intercalate and be 

oxidised to oxygen gas, gas which further helps expand the graphite gallery. In 

cathodic exfoliation, a negative bias at the graphite working electrode attracts 

positively charged ions (e.g. Li+), along with any co-intercalating molecules. Again, 

these intercalating species widen the graphite gallery, causing expansion and 

possible exfoliation of the electrode.  
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Figure 1.4. Schematic overview of cathodic and anodic exfoliation mechanisms. A 

positive or negative charge is created at a graphite working electrode, 

attracting oppositely charged intercalating ions. Co-intercalating molecules may 

optionally be present. Graphene may be functionalised either by adding 

functionalising agents after exfoliation or (not shown) during exfoliation. Adapted 

from Yu, Lowe, Simon, & Zhong, 2015 [49]. 

After the electrochemical intercalation and expansion of graphite, there may be a 

need for some form of exfoliation. Although in some methods exfoliation of the 

graphite to graphene can occur inside the reactor itself, typically the 

electrochemically expanded graphite needs to be further mechanically exfoliated 

through, for example, sonication. 
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1.1.1.1.5 Cathodic exfoliation methods 

The cathodic exfoliation of graphite has been investigated by several groups [56, 

65-71]. With this method, oxidative damage to the graphite basal plane can be 

minimised. For example, Morales et al. produced high quality, few-layer graphene 

by electrochemical pre-treatment of graphite in aqueous perchloric acid, followed 

by microwave thermal expansion and finally ultrasonic exfoliation [66]. Comparing 

anodic and cathodic electrochemical pre-treatment, it was found that anodic 

treatment showed higher efficiency of intercalation and expansion, but resulted in 

more damage to the graphene sp2 structure. After electrochemical treatment at -1 

V and microwave expansion (i.e. the cathodic route), expanded graphite with a 

worm-like shape and relatively few layers of stacked graphene was produced. 

Sonication was then used to exfoliate the expanded graphite. High quality, few-

layer graphene with a lateral size of a few micrometres was produced, and the 

obtained graphene had a similar ID/IG to untreated graphite. 

Cooper et al. [72] also examined cathodic exfoliation (Figure 1.5). In this case, 

HOPG pieces were submerged into an NMP electrolyte with tetraalkylammonium 

salts, where the alkylammonium cation size was varied (i.e. 

tetramethylammonium, tetraethylammonium, or tetrabutylammonium cations 

were used). When charging the graphite at a moderately high negative voltage, the 

HOPG dramatically expanded. It was found that this expansion was greater when 

cations of larger size were used (i.e. tetrabutylammonium cations). The 

tetrabutylammonium-expanded graphite could be later exfoliated to graphene. 
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Figure 1.5. Example of the cathodic expansion of HOPG in tetraalkylammonium 

ions in NMP electrolyte using a potential of -5 V v. Ag/AgClO4 reference electrode. 

(a) HOPG starting material. (b) The electrode after expansion for 1000 s in a 

tetraethylammonium-based electrolyte. (c) The electrode after expansion for 1000 

s in a tetrabutylammonium-based (TBA+) electrolyte. (d) The electrode in the 

reactor after expansion for 10,000 s in the TBA+-based electrolyte. (e-g) SEM 

images of the electrode after 6000 s TBA+ expansion [72]. 

1.1.1.1.6 Anodic exfoliation methods 

Among electrochemical exfoliation methods, anodic graphite exfoliation is most 

commonly studied due to its high exfoliation efficiency and good compatibility 

with aqueous electrolytes. Several different graphene production approaches 

based on anodic exfoliation have been reported [64, 68, 73-80]. For example, Su et 

al. provided one of the first reports of anodic exfoliation, adopting a simple and fast 
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method in a H2SO4 + KOH electrolyte solution [64]. In the optimised procedure, the 

exfoliated graphene was produced using a setup similar to that shown in Figure 

1.3, with the electrolyte at pH = 1.2. A low bias of +2.5 V was first applied for 1 min 

with a subsequent alternating voltage of +10 V and -10 V. The initial low voltage 

aided in wetting the surface of the electrode and helped intercalation of anions into 

the graphite. Subsequently, the +10 V potential was used to activate and oxidise 

the graphene sheets, causing the graphite to quickly dissociate into small pieces. 

The ensuing -10 V potential was used to reduce functional groups. Impressively, 

the produced graphene sheets had a lateral size of up to 30 µm. More than 60% of 

the sheets were bilayer graphene with A-B stacking (Figure 1.6). Oxygen functional 

groups and some defects were observed in the graphene sheets, which were 

attributed to unavoidable oxidation. However, the level of defects in the graphene 

were lower than in reduced graphene oxide produced by traditional chemical 

methods. 

 

Figure 1.6. STM image of bilayer graphene produced by Su et al. Hexagons 

represent the atomic configuration of the two layers [64]. 

While high quality graphene can clearly be produced using cathodic approaches, 

anodic approaches have the inevitable effect of introducing oxygen-containing 

functional groups to the graphene surface. These functional groups assist in 
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weakening the van der Waals forces between layers, assisting in exfoliation. They 

further help the graphene disperse well in polar solvents such as water or ethanol. 

Some workers have in fact taken advantage of the oxidising power of the anodic 

method to produce graphene oxide [61, 81, 82]. As shown in   
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Table 1.1, typically this is accomplished by using aqueous mineral acids or salt 

electrolytes. Both low and high potentials can be employed, varying the reaction 

rate. For the parallel plate reactor, the key to achieving highly oxidised graphite is 

to tune the electrolyte and electrochemical method such that the graphite remains 

attached to the electrode long enough to fully oxidize. It appears in these systems 

that water (e.g. OH- ions or reactive oxygen species generated during water 

electrolysis) serves as the oxidant [83, 84]. Electrochemically-induced 

intercalation allows the diffusion of these oxidants into the graphite gallery. Given 

the ability of the anodic approach to produce a wide range of graphene materials, 

including GO, it will be employed in this thesis. 
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Table 1.1. Comprehensive overview of the reported electrochemically produced 

graphene oxide or graphite oxide studies in the academic literature in the 

graphene era (i.e. post-Geim and Novoselov, 2004) [1-3]. Adapted from Lowe et al. 

[85]. 

Reference Starting 
graphite 

Reactor 
configuration Electrolyte 

Oxygen 
content 
(atom 
% or 
C/O 

ratio) 

% of 
product 
retained 

for 
analysis* 

This work Natural 
graphite 

flakes 

Packed bed 11.6 M sulfuric 
acid 

20% 100% 

Gurzęda et 
al 2019 

[86] 

Flake 
graphite 

enclosed in 
a Pt mesh 

Parallel plate 
reactor 

3:1 volume ratio of 
95% sulfuric 

acid:65% nitric 
acid with 26 vol% 

water 

32.3% 195%** 

Yu et al. 
2019 [87] 

Graphite 
foil 

Graphite disk 
between two 

parallel plates 

12 M sulfuric acid 25.2% Not 
reported 

Pei et al. 
2018 [84] 

Graphite 
foil 

Parallel plate 
reactor 

Concentrated 
sulfuric acid, 

followed by 50 
wt.% sulfuric acid 

C/O = 
1.7 

Product 
weighs 
96% of 
starting 
graphite 
weight 

Cao et al. 
2017 [88] 

Graphite 
foil 

Parallel plate 
reactor 

Concentrated 
sulfuric acid, 

followed by 0.1 M 
ammonium 

sulphate 

17.7% 71% 

Tian et al. 
2017 [89] 

Natural 
graphite 

flakes 
compressed 
into a disk 

Graphite disk 
between two 

parallel plates 

4.6-11.6 M 
perchloric acid 
(11.6 being the 

optimised 
concentration)  

25% 100% 

Gurzęda et 
al 2017 

[90] 

Flake 
graphite 

enclosed in 
a Pt mesh 

Parallel plate 
reactor 

11 M sulfuric acid 23.1% 100%** 

Gurzęda et 
al. 2016 

[91] 

Flake 
graphite 

enclosed in 
a Pt mesh 

Parallel plate 
reactor 

8 M perchloric acid 9.25% 100%** 

Parvez et 
al. 2016 

[92] 

Graphite 
rod 

Parallel plate 
reactor 

1 M ammonium 
sulphate 

28.3% 80% 

Markovic et 
al. 2016 

[93] 

Graphite 
rod or 
HOPG 

Parallel plate 
reactor 

Ammonium 
persulfate 

22-25% 76% (for a 
graphite 

rod 
starting 



18 
 

material), 
42% (for 

HOPG) 
Yu et al. 

2015 [49] 
Natural 
graphite 

flakes  

Stirred 
graphite flakes 

1 M sulfuric acid in 
saturated 

ammonium 
sulphate aqueous 

solution 

21% Product 
weighs 

37.6% of 
starting 
graphite 
weight 

Rao et al. 
2015 [94] 

Graphite 
rod 

Parallel plate 
reactor 

Glycine in dilute 
sulfuric acid 

11% 2.2 g/L 

Abdelkader 
et al. 2014 

[81] 

Unclear 
from text 

(presuma-
bly graphite 

rod) 

Parallel plate 
reactor 

0.2 M sodium 
citrate 

C/O = 
7.6 

80-88% 
(as a 

proportion 
of the 
mass 

removed 
from the 
anode) 

Liu et al. 
2013 [73] 

Pencil core Parallel plate 
reactor 

1 M phosphoric 
acid 

Not 
reported 

100% 

Singh et al. 
2012 [95]  

Pencil core Parallel plate 
reactor 

Triethyl sulfonium 
bis(trifluoromethyl 

sulfonyl) imide 
ionic liquid 

Not 
reported 

Not 
reported 

You et al. 
2011 [96] 

Graphite 
foil 

Parallel plate 
reactor 

Concentrated 
sulfuric acid, 

followed by 1 M 
potassium chloride 

25.7% Not 
reported 

* Defined as the mass of the product retained after separation (via centrifugation, sedimentation, 
etc.) as a percentage of the total mass of the product after the reaction, including unreacted graphite. 
Where this value was not reported, another measure of yield is shown, if available. 

** Graphite oxide rather than graphene oxide produced. 

1.1.3 Factors affecting anodic electrochemical synthesis 

Understanding the factors affecting the electrochemical synthesis is important for 

designing new reaction conditions. The major factors relevant to the 

electrochemical method are the reaction media, electrochemical technique 

(voltage and current), reactor design, and graphite precursor. 

1.1.3.1 Reaction media 

The composition of the electrolyte has been shown to be very important for the 

synthesis of electrochemical graphene. Electrolytes which have been examined 

include ionic liquids [57, 95, 97], sulfonate salts [60, 98, 99], strong acids such as 
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sulfuric acid [61, 73, 76, 100, 101 248], inorganic salts [59, 63, 102], and organic 

acids [81]. Surfactants can assist the exfoliation during the reaction and stabilise 

the product for storage [75, 103]. Functionalising agents may also be added to the 

reaction media to produced functionalised graphene in situ. For example, Zhang et 

al. included metal sulphate salts into the electrolyte, which led to the formation of 

Fe2O3-, Co3O4- and V2O5- graphene hybrids [104]. 

Sulphate-based salts and acids have proven particularly popular for graphene 

synthesis, as it appears the sulphate ion has a strong capacity to intercalate and 

exfoliate graphite under anodic conditions. The capacity of sulphate ions, as well as 

perchlorate and nitrate ions (but not phosphate ions), to intercalate graphite was 

first observed during more fundamental studies of graphite anodic oxidation (e.g. 

[105]). More recently, Parvez et al., showed sulphate ions could rapidly exfoliate 

graphene from graphite foil in a dilute ammonium sulphate electrolyte [63]. These 

investigators found that while nitrate and perchlorate ions lead to expansion and 

intercalation of graphite, they did not lead to exfoliation of material from the 

electrode. Sulphate ions have also been employed in the form of sulfuric acid. Both 

graphene oxide-type material [73, 84, 87, 88, 90, 92, 94, 96] and more pristine 

graphene [58, 76, 100, 106] can be exfoliated with sulfuric acid with the 

appropriate cell and voltage configuration. 

1.1.3.2 Voltage and current regime 

The defining feature of the electrochemical approach is the use of an 

electrochemical driving force for intercalation, and naturally, this parameter has 

been explored extensively. A variety of voltage/current programs has been used. A 

common approach is to use a constant DC potential. For example, application of 
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very high potentials (e.g. 10 V) can induce a rapid exfoliation of graphite within 

minutes [63, 76]. Further, the voltage has been modulated between anodic to 

cathodic potentials [64, 107]  or ramped from a low to high potential [100, 108]. 

An AC current can also be applied with two graphite foil electrodes, leading to 

rapid simultaneous exfoliation of both electrodes [59]. Further, constant current 

oxidation has been performed with a range of current densities on small 

(milligram scale) graphite electrodes, ranging from 0.1 A [61] to 0.3 A [81, 82]. As 

opposed to the high constant potential experiments, the lower constant current 

regime appears to produce a more oxidised graphene product. This is consistent 

with previous work from the pre-graphene era, where low constant currents led to 

the production of graphite oxide in strong acids such as sulfuric [83, 109-113] or 

perchloric [114, 115] acid, a finding confirmed recently by Tian et al. [89]. 

1.1.3.3 Reactor design 

While most work has focused on the effect of electrical and chemical parameters 

such as the cell voltage or electrolyte composition, some evidence points towards 

the value of electrochemical reactor engineering to improve synthesis of graphene. 

For example Liu et al. [61] provided one of the first examples of the importance of 

the reactor configuration for electrochemical graphene oxide synthesis (Figure 

1.7). A carbon rod was placed either in a vertical or horizontal position in a sulfuric 

acid electrolyte. The sides of the graphite rod were covered to prevent exposure to 

the electrolyte, such that only the top, circular part of the rod reacted. The vertical 

configuration led to a higher yield of few-layer graphene oxide, apparently because 

large, unexfoliated graphite could fall back down to the graphite rod electrode and 

continue to react. 
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Figure 1.7. Apparatus and reaction scheme for the multiple electrochemical 

exfoliation reported by Liu, Lin and co-workers [61].  

Yu et al. [82] introduced a novel reactor employing free flake graphite and 

mechanical stirring (Figure 1.8a). Free graphite flakes were placed in a stirred tank 

reactor whose walls were lined with a mixed metal oxide electrode material. The 

centrifugal force provided by the stirring bar forced the graphite into contact with 

the electrode, allowing for anodic intercalation by sulphate and hydrogen sulphate 

ions. After purification and sonication, this led to well oxidised, single-layer 

graphene oxide 
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Figure 1.8. (a) Electrochemical stirred tank reactor for the anodic exfoliation of 

flake graphite to graphene oxide developed by Yu et al. [82]. (b) Electrochemical 

packed pellet reactor developed by Tian et al. [89]. 

Finally, Tian et al. [89] recently compressed flake graphite into a pellet and 

clamped it between a platinum working and counter electrode, with a separator 

between the pellet and the counter electrode (Figure 1.8b). In perchloric acid, 

graphite was successfully converted to graphite oxide with close to full conversion 

using low constant current charging. 

Although these efforts highlight the importance of the reactor configuration, there 

is likely much more latitude for further work. The emerging field of chemical 

reactionware has shown that new tools such as polymer-based 3D printing can be 

used to rapidly create novel reaction vessels [116, 117]. These vessels can 

significantly alter the course of the reaction (for example, by changing the mass or 

solution transport regime within the reactor). This type of reactionware has been 

successfully employed for electrochemistry [118], and can likely also be used to 

improve electrochemical graphene synthesis, as will be explored in this thesis. 
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1.1.1.1.7 Working electrode substrate material 

Depending on the reactor design, the electrode supplying the charge to the 

graphite (the working electrode substrate) may be either exposed or unexposed to 

electrolyte. For example, if the graphite is packed into a rod, it is possible to 

submerge the rod in the electrolyte without allowing the working electrode 

substrate to come in contact with the solution. However, in some designs, such as 

that of Yu et al. [82] or Tian et al. [89], described above, the working electrode 

substrate will be exposed. Indeed, in most conventional electrolytic reactor 

configurations, such as the packed bed, fixed flow through, or continuous stir 

tanked reactor, the electrolyte will come into contact with the electrolyte. 

This exposure may affect the reaction. At the working electrode substrate, 

unwanted side reactions such as water oxidation can occur. The positioning of the 

working electrode and its electrocatalytic properties will affect such reactions. No 

work to date has examined the effect of the working electrode substrate on 

graphite oxidation reactions, and this is an area for future research. 

1.1.3.4 Graphite precursor 

The graphite precursor is important for electrochemical synthesis and many 

different graphite precursors can be used, including HOPG [58, 64], graphite foil 

[58, 59], graphite rod [57, 60-63], packed flake graphite [64, 89], and even free 

flake graphite [49]. In the latter case, graphite flakes can be adhered to conductive 

carbon tapes to form the working electrode [76, 77]. They can also be adhered to a 

tungsten wire by a silver pad [64] or formed into graphite plates by direct 

compression [68]. 
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The effect of the graphite precursor can be pronounced and depends in part on the 

reactor configuration. In the conventional electrochemical setup, with two parallel 

plate/rod electrodes immersed into a solution, the graphite starting material can 

affect the oxygen content and number of defects, as reported by Munuera et al. 

[58]. They found that graphite foil and HOPG could be better exfoliated, and in 

some cases, better oxidised, relative to packed graphite flakes and powder. This 

was presumably because the larger starting grain size allowed graphite foil and 

HOPG to stay attached to the working electrode longer, as opposed to the flakes 

and powder, which flaked off relatively early in the reaction. 

These findings illustrate how the graphite morphology and reactor configuration 

interact. When using the parallel plate configuration, compact graphite electrodes 

such as graphite foils or rods are most suitable. This configuration unfortunately 

does not allow free flake graphite, graphite powder, or expanded graphite to be 

used without prior compression or adhesion to, for example, carbon tape [76].  

1.1.4 Applications of graphene  

In many respects, electrochemically exfoliated graphene can be used in many of 

the applications currently available for graphene produced via other routes. An 

overview of applications for graphene is shown in Figure 1.9. Electrochemical 

graphene tends to be lower quality (smaller sheet size, more defective, or more 

oxygenated), and so its applications have been similar to those explored for liquid 

phase exfoliation and (reduced) graphene oxide. However, relative to the chemical 

approach, in particular, electrochemical graphene tends to have fewer defects and 

is more conductive in nature. Therefore electrochemically exfoliated graphene is 

more frequently applied as conductive fillers and electrodes in applications such as 
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supercapacitors, organic field-effect transistors, inks, conducting polymers, 

electrocatalysts and batteries [48, 49].  

 

Figure 1.9. Overview of selected graphene synthesis methods and various 

applications to which their products are suited [119]. The product of 

electrochemical synthesis is most similar to that of liquid phase exfoliation and 

chemical reduction of graphite oxide. 

Although there are many promising applications for graphene, one application 

area of interest to us is graphene polymer composites [120-123]. Given its 

potential low cost and scalability, electrochemical graphene may be suited for 

implementation into mass-produced polymers and end user devices. When 
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functionalised to electrochemical graphene oxide (EGO), the material has the 

additional benefit of having enhanced solution processability, allowing for 

simplified integration into certain polymer matrices.  

There are several potential benefits to integrating graphene into polymers. 

Graphene can, for example, increase the strength/modulus of materials or improve 

their conductivity [124]. Relative to conventional materials, 2D materials have a 

very high surface area to mass ratio, which reduces their percolation threshold. 

This means less material can be added to achieve desired conductivity enhancing 

effects. 

There are several ways of integrating graphene and other nanofillers into polymer 

composite materials [122]. Firstly, monomers and graphene can interact during in 

situ polymerisation. For example, epoxy resin can be hardened in the presence of 

graphene [125] or polyaniline can be anodically grown on graphene surfaces 

[126]. Secondly, polymers can be mixed with graphene and then melt blended , 

often with high shear mixing [127]. Thirdly, graphene and a polymer can be mixed 

by dissolving/dispersing both together in a suitable solvent and then later 

removing the solvent [128, 129]. 

Graphene/polymer-based devices can be built using a raft of techniques, including 

injection moulding [130], 3D printing [131], direct ink writing [132], etc. 

Additionally, graphene can be mixed with the solvent and coated onto polymer 

substrates [123].  These techniques can be applied to the range of graphene-

infused polymers, including epoxy resins, PVA, PET, PVDF, etc. [122] and have 

been used to create a range of devices, including energy storage devices (e.g. 
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batteries and supercapacitors), membranes, biomedical devices (e.g. cell scaffolds), 

bio- and chemo-sensors, and more [124, 133]. 

Graphene can also be used in polymer composites to produce flexible and/or 

stretchable devices [120, 121, 123]. This is accomplished by integrating graphene 

into elastomeric materials such as natural and synthetic rubbers, soft 

polyurethane, and PDMS [120]. Such methods are particularly promising for 

creating new types of wearable electronic devices. Wearable or flexible 

strain/tactile sensors [134, 135], chemical or biological sensors [136], light-

emitting diodes [137], supercapacitors [138], and triboelectric generators [139] 

have all been produced using graphene. It is hoped such components can be 

integrated into next-generation wearables for applications such as biomedical 

monitoring, human computer interaction, or wearable consumer electronics. 

1.2 Limitations of current approaches and motivation for the 

thesis 

The aim of this thesis is to firstly understand and improve the electrochemical 

synthesis of graphene oxide and, secondly, to demonstrate the utility of the 

produced graphene in suitable applications. The research is primarily motivated 

by limitations of current electrochemical graphene approaches. In this section, 

these limitations are described in detail, providing the rationale for specific 

research questions. 

1.2.1 Research aim: Improving electrochemical graphene synthesis 

Our primary aim is to develop a novel approach for graphene synthesis, with a 

view towards eventual industrial application. Four key parameters related to 
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electrochemical graphene synthesis will be studied: the reactor configuration, the 

working electrode substrate, the reaction media, and the graphite precursor. The 

limitations of current literature in these four areas is discussed in the sections 

below, with each section concluding with a description of how the current thesis 

will address these limitations. 

1.2.1.1 Limitations of current reactor configurations 

As reviewed in Section 1.1.3.3, reactor design is a critically important, yet often 

overlooked, factor in electrochemical graphene synthesis. By changing the reactor 

design, both the yield and the quality of graphene can be improved [61]. 

The parallel plate reactor configuration is most common. Here, parallel graphite 

foils or rod electrodes are placed side-by-side in an electrolyte bath. As the 

reaction proceeds, the graphite electrode generally expands and breaks away from 

the working electrode. There are at least three problems with this approach. 

Firstly, from a synthetic chemistry perspective, when the graphite loses electrical 

contact with the bulk electrode, any further electrochemical reaction is precluded. 

This prevents further expansion or functionalisation. Secondly, from an applied 

perspective, this approach presents scalability issues. In the lab, small, tightly 

packed graphite rods or foil are typically used. It is not clear that one could 

increase the size of the electrode by packing more graphite onto it and expect the 

reaction to proceed in the same way. It is likely that the current distribution and 

the way the graphite flakes off will change significantly when the electrode is 

scaled. No studies explicitly examining the effect of the electrode thickness have 

been produced. Finally, the need to form the graphite electrode in the first instance 

adds an additional processing step, increasing the cost of the process. 
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There is some work in the literature that has aimed to address the limitations of 

the parallel plate reactor. For example, Yu et al. [82] introduced the stirred tank 

electrochemical reactor with graphite flakes. Although this works to some extent, it 

relies upon centrifugal force to ensure that the reacting graphite makes contact 

with a metal electrode surface. This force may not always be effective, particularly 

when graphite expands and sees a dramatic density drop. Indeed, the conversion 

values reported by Yu et al. [82] are below 40%, possibly for this reason. Hence, 

there is scope for improvement in the reactor design for electrochemical graphene 

synthesis. 

To design a new reactor, inspiration can be taken from earlier work on the 

electrochemical formation of graphite intercalation compounds (as reviewed in 

Section 1.1.2.1). The electrochemical reactor configuration most commonly 

reported for GIC synthesis is some form of packed bed [140, 141]. In this 

configuration, a packed bed of graphite forms the working electrode, making 

intimate contact with a piece of metal connected to a DC power supply or 

potentiostat. Graphite is then oxidised, usually galvanostatically, until a lower 

stage intercalation compound is formed. 

Tian et al. [89] demonstrated that a packed bed can be used to produce graphite 

oxide which may be exfoliated to graphene. The reactor in the study, however, 

employed a compressed pellet electrode, similar to that used in the conventional 

parallel plate reactor. It is not obvious that this is a scalable approach, and the 

authors make no claims of scalability. 

This current study aims to develop the first packed bed reactor employing free 

flake graphite. Using flake graphite removes pre-processing steps such as forming 
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the graphite into a pellet or converting it into graphite foil, thus simplifying the 

process significantly. In order to design and build the packed bed reactor, 

inspiration will be taken from the chemical reactionware literature. Additive 

manufacturing techniques, namely 3D printing, will be used to rapidly prototype 

new reactor configurations (Chapter 2). 

There are several challenges that are unique to a packed bed. For example, it is 

well known in the electrochemical engineering literature that packed beds can 

suffer from poor current and potential distribution due to ineffective diffusion of 

electrolyte throughout the packed bed [142, 143]. In packed bed electrochemical 

reactors designed to recover metals from dilute solutions (through reduction of 

metal cations), beds can be clogged as the metal deposits on the electrode [142]. 

We will see that graphite packed beds, too, present challenges related to 

electrolyte diffusion. Thus, the reactor should be designed to enable efficient 

electrolyte diffusion throughout the bed. This will be accomplished by integrating 

electrolyte solution diffusion channels into the bed (Chapter 4). 

1.2.1.2 Limitations of current working electrode substrate materials 

In previous studies on graphite oxidation, the role of the working electrode 

substrate has not been closely examined. Previous work used substrate materials 

such as platinum [89, 91, 115, 141, 144-147], mixed metal oxide [49], or silver 

[101]. If these substrate materials come into contact with an aqueous electrolyte, 

however, oxidation of the electrolyte can occur, particularly on materials like 

platinum with a low overpotential for water splitting. These reactions affect the 

synthesis by consuming charge and evolving oxygen gas.  
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To avoid unwanted water splitting side reactions, materials inactive for water 

splitting might be deployed. These include PbO2, doped SnO2, and boron-doped 

diamond (BDD) [148, 149]. BDD, in particular, has been studied extensively for 

anodic oxidation because of its extremely high overpotential for water splitting. 

The wide electrochemical window of BDD, relative to platinum, is illustrated in 

Figure 1.10. 

 
Figure 1.10. Cyclic voltammetry on a platinum and a commercially available boron 

doped diamond electrode (Diachem from Condias GmbH) in 0.2 M H2SO4, scan rate 

= 100 mV/s [150]. 

In this thesis, the effect of the working electrode substrate material on graphite 

oxidation will be studied. In particular, we will compare an active material (e.g. 

platinum) versus inactive material (i.e. BDD). Optimising the working electrode 

substrate should allow for a more efficient graphite oxidation reaction, as explored 

in Chapter 2. 



32 
 

1.2.1.3 Limited understanding of the role of electrolyte acidity  

A critical factor in electrochemical graphene synthesis is the electrolyte. 

Abdelkader et al. [151] have noted that in aqueous media, the pH of the electrolyte 

appears to determine the type of graphene which is produced, with more acidic 

electrolytes favouring oxide formation. Nonetheless, our understanding of this 

effect is incomplete. Studies in the graphene literature have tested either 

concentrated or very dilute acid electrolytes. Few studies have compared the 

entire range of acidities in order to make systematic comparisons among them. Pei 

et al. did look at a range of acidities with the parallel plate electrode configuration 

where the graphite anode is suspended in solution [84]. As Pei et al. [84 ] and 

Abdelkader et al. [151] point out, with concentrated acids, the graphite rapidly 

flakes off of the electrode. Any observed effects of the electrolyte can therefore 

readily be attributed to this exfoliation effect. Moreover, no studies have 

performed comprehensive characterisation (e.g. XRD, Raman, and XPS) on the 

product of acid concentrations ranging from very dilute to very concentrated. 

Therefore, the effect of the electrolyte acid concentration on the morphology and 

chemical composition of graphite remains unclear. In Chapter 3 and briefly in 

Chapter 2, this issue will be addressed. 

1.2.1.4 Limited understanding of electrochemical oxidation of expanded 

graphite 

The graphite type is also important for the outcome of the electrolysis. While there 

have been systematic studies of different graphite types using the parallel plate 

reactor configuration [58], these results cannot necessarily be generalised to other 

reactor configurations  (e.g. a stirred tank reactor or, in our case, a packed bed 
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reactor). Moreover, some graphite types were not tested in previous studies 

because they do not lend themselves to the parallel plate arrangement (they are 

not solid plates or rods). One such example is expanded graphite, graphite that has 

been chemically and thermally treated to become a fluffy, wormlike material. It is 

difficult to put this material into the parallel plate reactor without compressing it 

significantly to graphite foil. Raw expanded graphite, however, can be oxidised in a 

packed bed reactor. We will consider the effect of using expanded graphite versus 

natural flake graphite in the packed bed in Chapter 4. We suspect that oxidation 

will be more effective with expanded graphite, given that expanded graphite can 

more easily be chemically oxidised [152]. 

1.2.2 Research aim: Applying EGO for polymer composites 

While the first task is to improve the EGO synthesis, it is also important to find 

applications for the graphene material. There is a vast array of potential 

applications, but one that appears promising is graphene nanofillers in polymer 

composites (as reviewed above in Section 1.1.4). Graphene can be integrated with 

flexible, elastomeric polymers such as PDMS to create a range of wearable 

electronics with new functionalities. EGO is promising in this context because it 

has oxygen functional groups which allow dispersion in polar solvents; EGO also 

has the capacity for enhanced conductivity by a simple low temperature treatment 

(200 °C) in air [82]. It can thus be easily processed in solution with polymers and 

then later deoxygenated in situ to form a conductive nanofiller. This strategy will 

be employed in Chapter 5 during the synthesis of graphene-enabled flexible and 

wearable PDMS-based strain sensors. 



34 
 

1.3 Outline of the thesis 

This thesis consists of four experimental chapters, in addition to the introductory 

and concluding chapters. The first three data chapters focus on the electrochemical 

synthesis of graphene oxide. The fourth experimental chapter focuses on the 

application of the EGO for flexible, polymer-based wearable tactile sensors. In sum: 

Chapter 1 has introduced the field of graphene synthesis in general, and 

electrochemical graphene oxide synthesis in particular. In addition, the application 

of graphene for flexible, wearable polymeric devices has been discussed. 

Chapter 2 introduces the packed bed electrochemical reactor paradigm that will 

be used throughout this thesis. Two different packed bed reactors are developed, 

including a small reactor suitable for fundamental studies and a larger, gram-scale 

reactor. A simple proof of concept application of EGO in lithium ion battery 

cathodes is provided. 

Chapter 3 is primarily a fundamental study of the electrochemistry of graphite 

oxidation, exploring the effect of electrolyte acid concentration in the packed bed 

system. Flake graphite is oxidised in sulfuric acid electrolytes ranging from 2 M to 

16 M concentration and the process and products thoroughly analysed with 

multiple characterisation techniques. 

Chapter 4 improves the packed bed synthesis by exploring the effect of using flake 

graphite versus microwave expanded graphite. Further, the reactor is improved 

with the addition of irrigation channels that facilitate electrolyte diffusion 

throughout the packed bed. 
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Chapter 5 focuses on the application of EGO for flexible and stretchable tactile 

sensors. EGO is incorporated into PDMS using multiple emulsion strategies and 

thermal treatment. This forms an ink which is 3D printed into exquisitely sensitive 

and extremely small tactile sensors. 

Chapter 6 ultimately provides a discussion of the major findings of the thesis and 

suggestions for future work. 
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ABSTRACT: Although graphene oxide (GO) has shown enduring popularity in the research community, its synthesis remains
cost prohibitive for many of its demonstrated applications. While significant progress has been made on developing an
electrochemical route to GO, existing methods have key limitations regarding their cost and scalability. To overcome these
challenges, we employ a combination of commercially available fused-deposition-modeling-based 3D printing and highly robust
boron-doped diamond with a wide electrochemical potential window to fabricate a scalable packed-bed electrochemical reactor
for GO production. The scalability of the reactor along the vertical and lateral dimensions was systematically demonstrated to
facilitate its eventual industrial application. Our current reactor is cost-effective and capable of producing electrochemically
derived GO (EGO) on a multiple-gram scale. By oxidizing flake graphite directly in an 11.6 M sulfuric acid electrolyte, the
production of EGO was streamlined to a one-step electrochemical reaction, followed by a simple water-wash purification.
Almost all of the converted graphite oxide can be recovered, and the final mass yield is typically 155% of the starting graphite
material. The as-produced EGO is dispersible in water and other polar organic solvents (e.g., ethanol and dimethylformamide)
and can be exfoliated down to predominantly single-layered GO. Through a detailed study of the product intermediates, the
graphite was found to first form a stage III or higher graphite intercalation compound, followed by electrochemical oxidation
proceeding from the top of the packed graphite bed down. The EGO can be easily deoxygenated with low-temperature thermal
annealing (<200 °C) to produce thermally converted EGO with significantly enhanced conductivity, and its promising
application as a conductive nanofiller in lithium-ion battery cathodes was demonstrated. The simplicity, cost-effectiveness, and
unique EGO properties make our current method a viable contender for large-scale synthesis of GO.

KEYWORDS: graphene oxide, electrochemistry, boron-doped diamond, 3D printing, packed-bed electrochemical reactor

■ INTRODUCTION

Graphene oxide (GO) is a graphene derivative decorated with
various oxygen functional groups (e.g., hydroxyl, epoxy,
carbonyl, and carboxyl groups)1 which can be removed by
chemical or other means to produce a conductive reduced GO
(rGO). GO and rGO have both seen immense research and
industrial interest for their applications in a range of fields,
including conductive inks,2 bio- and chemosensors,3,4 cell/

tissue scaffolds,5 electrocatalysts,6,7 composite materials and
polymers,8 energy storage,9 and other applications not
requiring defect-free graphene.10 Chemical oxidation of
graphite, typically via a modification of the Hummers
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method,11 is the most prominent approach to GO synthesis.
Although this method is currently employed in industry, it has
several key limitations.12,13 The process employs a dangerous
oxidant, manganese heptoxide created when KMnO4 is mixed
with concentrated sulfuric acid, and requires cooling to avoid
explosion.14 After the reaction, the GO product contains
significant metal-ion contaminants, which are difficult, costly,
and time-consuming to remove. These factors collude to make
chemically derived GO (CGO) cost-prohibitive for many of its
demonstrated applications.12

An alternative approach to producing GO employs electro-
chemistry.15 In this method, graphite is employed as the anode
in an electrochemical cell with a suitable counter electrode and
electrolyte (typically ionic liquids,16 inorganic salts,15,17−19 or
inorganic acids).15,20−25 Upon the application of a suitable
potential, the graphite is electrochemically intercalated and
oxidized. After removal from the reactor, the product is
typically washed and exfoliated, usually with sonication, to
single- or few-layered GO. One limitation of the current
electrochemical GO (EGO) synthesis approaches is that they
require graphite to be processed before it can be placed in the
electrochemical reactor. In the vast majority of cases, a graphite
electrode (in the form of rod or foil) is immersed in an
electrolyte with a counter electrode parallel to it (see a review

of the EGO studies in Table S2). For example, recent reports
show that EGO can be produced within minutes by first
oxidizing graphite foil in concentrated sulfuric acid and then
exfoliating it at a high positive voltage in a dilute acid20 or
inorganic salt electrolyte.17 However, graphite foil itself is a
heavily processed material, requiring the raw graphite to first
be acid-intercalated in the presence of strong oxidants, washed,
dried, thermally expanded at 700 °C or more, and pressed into
a foil (a flow diagram of this process is given in Figure S1).
Accordingly, it can cost orders of magnitude more than its
natural graphite precursor (a cost comparison appears in Table
S1). To address this, we have previously reported a
mechanically assisted production of EGO directly from loose
graphite flakes, but that approach had a limited yield of ∼37%
with respect to the starting graphite.26

A second limitation/unanswered question surrounding the
electrochemical approaches is their scalability. In past reports,
the diameter of the starting graphite rod or thickness of the foil
is usually held constant at a small scale without upscal-
ing.17,20,27 However, it cannot be assumed that the reaction
outcome will be the same when the critical dimension of the
electrode is changed. In order to overcome limitations of the
existing EGO methods, we draw inspiration from additive
manufacturing and the chemical reactionware approach.28

Figure 1. (A) Illustration of the small-scale tubular reactor used for fundamental studies of graphite oxidation. The packed-bed reactor was
optimized for several variables and then scaled to produce 6 g of EGO. (B) Schematic overview of the graphite oxide forming mechanism (further
postprocessing steps are shown in Figure S21). (C) Typical appearance of the as-prepared, presonication graphite oxide from the larger-scale
reactor (after shaking, with a high concentration of 6 mg/mL). (D) Typical appearance of ∼60 mg of the presonication graphite oxide (after
shaking the 125 mL bottle and waiting several seconds). (E) Typical galvanostatic charging curve, exhibiting a rising voltage region, i, associated
with graphite intercalation, a slowly rising region, ii, associated with oxygen addition to the graphite, and a final plateau, iii, associated with oxygen
evolution. Data shown are for the 40 mg starting graphite, 16 mA constant current, and 11.6 M sulfuric acid electrolyte condition. The arrows in
part E indicate hypothesized structures at different time points.
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Herein, we take advantage of the rapid prototyping available
with fused deposition modeling (FDM)-based 3D printing to
examine new reactor designs for EGO synthesis directly from
flake graphite. Motivated by previous work using packed-bed
electrochemical reactors (PBERs) to anodically produce
graphite intercalation compounds (GICs),29,30 we show that
the PBER is also effective for GO synthesis. Using 3D printing,
we are able to demonstrate the scalability of these reactors to
the limits of the desktop 3D printer.
In the PBER, a bed of graphite flakes is pressed against a

conducting substrate; we show that a conductive boron-doped
diamond (BDD) is the singular choice for the substrate
material. This can be attributed to BDD’s unique advantages
for aqueous electrochemistry (e.g., chemical robustness and
very high overpotential for oxygen evolution).31−33 Extensive
materials characterization of the product showed that
reasonably well-oxidized EGO (19.7% oxygen) with very
good reaction yield (155% with respect to the starting
graphite) can be obtained. From a fundamental standpoint,
we showed that the EGO is formed from a higher-stage GIC
and how the electrochemical oxidation front propagates
through the packed bed. We examined how the structure of
GO can be tuned and its conductivity improved with a brief
and mild heat treatment (200 °C) in air. The good
conductivity of thermally converted EGO makes it useful as
a conductive filler in lithium-ion battery (LIB) cathodes.

■ RESULTS AND DISCUSSION
Development, Optimization, and Scalability of the

Packed-Bed Reactor Model. In order to achieve scalable
production of GO using flake graphite, a new PBER was
designed, as illustrated in Figure 1A (photograph in Figure
S2). The reactor consists of a glass tube of 14 mm interior
diameter pressed and sealed against a BDD-coated niobium
plate. A bed of flake graphite is in contact with the BDD and is
separated from a platinum (Pt) counter electrode with a glass
fiber membrane. Good electrical contact between the graphite
and BDD is ensured by pressing the packed bed down with a
weighted plastic piece.
Initially, 40 mg of flake graphite was oxidized in this way in

11.6 M sulfuric acid with a constant current of 16 mA (10.4
mA/cm2, based on the surface area of the top of the graphite
packed bed) in a two-electrode configuration. The galvano-
static charging curve (Figure 1E) is similar to those previously
reported for the anodic galvanostatic charging of bulk graphite
particles in mineral acids.21,24,29,34−38 The reactor walls were
constructed from glass to allow us to visually monitor the
reaction, and we observed the graphite bed expanding
throughout the entire process to several times its initial
volume (Figure S3). Finally, as the quantity of unreacted
graphite diminished, the voltage increased, and the predom-
inant reaction shifted to the anodic oxygen evolution reaction
[Figure 1E(iii)], as previously described.30,34,41,46−52 Indeed,
when the voltage reached its final plateau, we observed gas
bubbles continually leaving the sides of the graphite bed. At
the end of the reaction, the product was immersed in water,
yielding the fluffy graphite oxide product shown in Figure 1D.
Optimization of the Electrolyte and Current. Before

the final reaction conditions were reached, several parameters
were examined and optimized. X-ray diffraction (XRD) was
used as the first tool to assess the product because it can probe
the bulk material and provide a qualitative estimate of its
constituents. The XRD patterns (Figure 2) typically exhibit

two peaks characteristic of GO at roughly 11° and 22.2°,
similar to the previously reported patterns for EGO produced
using sulfuric acid.17,25 The peak at around 11° arises from the
well-oxidized GO and represents the interlayer spacing
between GO sheets (8.04 Å), and the broad peak at roughly
22° arises from the less oxidized regions of the GO.39,40

To optimize the process, the electrolyte concentration was
first varied between 7.1 M (50 wt % sulfuric acid) and 16 M.
The galvanostatic charging curves for these experiments are
given in Figure S4. As is evident in Figure 2A, when the sulfuric
acid concentration was 11.6 M, the XRD pattern showed a
prominent GO peak (∼11°) with a very small proportion of
less oxidized content (∼22−30°). However, either increasing
or decreasing the acid concentration led to an increase in the
area of the ∼22−30° peaks relative to the ∼11° GO peak. To
provide a correlational measure of the GO content, the 11°
GO peak area was expressed as a ratio relative to the area
under the peaks associated with the less oxidized forms of
graphite around ∼22−30° (as shown in Table 1 and illustrated
further in Figure S5). Our results suggest that there is an

Figure 2. XRD diffractograms of the GO product resulting from
oxidation with (A) different electrolyte sulfuric acid concentrations
(constants: 40 mg of starting graphite, 16 mA current), (B) different
constant current values applied during the reaction (constants: 40 mg
of starting graphite, 11.6 M H2SO4 electrolyte), (C) different starting
graphite amounts (constants: 24 mA (15.59 mA/cm2) current, 11.6
M H2SO4 electrolyte), or (D) three different working electrode
substrates, BDD, Pt, or IrTa (constants: 500 mg of starting graphite,
24 mA, 11.6 M H2SO4). All diffractograms have been normalized to
the maximum intensity, and vertical axis units are arbitrary.
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optimum balance for oxidation between the amount of acid
versus the amount of water in the electrolyte, as previously
demonstrated.21,34,37 The film conductivity measurements also
clearly show that 11.6 M acid led to the most insulating
product, consistent with a higher degree of oxidation (Figure
S4C). The 11.6 M acid was thus selected for further
experiments to maximize the extent of oxidation of the
product (see Supplementary Note 1 for further rationale).
Having selected the acid concentration, the current was then

optimized. XRD results for these experiments are shown in
Figure 2B, and the charging curves, mass gain, and film
conductivity are plotted in Figure S6. It is apparent that the
time to reach the final voltage plateau was roughly proportional
to the applied current, consistent with previous work.34 In
terms of the product composition, XRD suggests that there is
an optimal range for the applied current between 8 and 24 mA.
When the current is much greater than 24 mA or below 8 mA,
a more pronounced peak around 26° emerges. This peak can
be attributed to graphite with a very limited or residual degree
of oxidation.41 In order to maximize the reaction rate without
overly compromising the product quality, 24 mA (a current
density of 15.6 mA/cm) was used for further experiments.
Effect of the Graphite Loading. To test the effect of the

graphite loading, the reaction was scaled from 40 mg of starting
graphite to 500 mg, and the charging curves, yield, and film
conductivity were measured (Figure S7). The charging curves
are structurally similar with changes in the loading; however,
when the starting mass was 250 mg or more, the voltage did
not reach a low voltage plateau at the end of the experiment.
Instead, it developed a near-vertical slope, after which the
reaction was stopped before the limit of the potentiostat was
reached. This final rise in the voltage was a result of decreasing
moisture content in the thick product bed toward the end of
the reaction, evident upon visual inspection of the bed after it
was removed from the reactor.
XRD (Figure 2C) shows that increasing the starting graphite

to 750 mg led to the graphitic peak becoming dominant,
suggesting that graphite oxidation did not proceed to
completion (a conclusion supported by the charging curves
and mass yield, as explained in Supplementary Note 2). This

reduced conversion to EGO is likely related to hindered
electrolyte diffusion through the packed bed with increased
starting graphite amount. This conclusion is supported by
Raman spectra acquired from different locations in the bed at
the end of the reaction, showing that the bottom of the bed is a
pure graphite intercalation compound and the top and middle
is rich in the graphite oxide product (Figure S8). In order to
maximize the amount of product produced without signifi-
cantly affecting the product quality, a 500 mg scale (i.e., 0.3249
g/cm2) was chosen for further study. Further reactor
engineering could be carried out to increase the vertical limit
by implementing strategies available in the reactor engineering
literature for increasing electrolyte/ionic diffusion throughout
packed beds.42

Effect of the Working Electrode Substrate. The
importance of the working electrode substrate material (up
to this point, BDD) was also examined (Figure 2D). The BDD
electrode was substituted with either Pt or an iridium−
tantalum (IrTa) mixed metal oxide (MMO) anode material
with low overpotential for oxygen evolution. Indeed, linear
sweep voltammetry in the experimental electrolyte showed that
IrTa was the most active material, followed by Pt and then
BDD (Figure S9). Using the more active materials in place of
BDD led to a reduction of the total reaction time before the
slope of the voltage became nearly vertical (Figure S10). It also
led to a significant increase in the proportion of graphite with a
limited amount of oxidation, as is evident in the very intense
XRD peak around 26.46° for IrTa (Figure 2D). When IrTa is
used, bubbles could be seen emerging from the graphite bed
every few seconds throughout the experiment, even during the
graphite overoxidation period. This oxygen evolution can lead
to bubbles building up inside the bed, choking off the
electrolyte, and increasing the voltage. Indeed, the IrTa
charging curve (Figure S10) became unstable near the end
of the reaction because of vigorous bubbling. Hence, the BDD
electrode is a key component in the PBER that helps to limit
bubble formation at the critical electrode/graphite physical and
electrical interface.

Lateral Scalability. Ultimately, the aim of the current work
is to enable the production of reactors that can mass-produce

Table 1. XRD Statistics and Mass Yield for All Optimization Reactions in the Smaller Setup

variable
mass of product versus mass of starting

graphite (%)
GO/less oxidized peaks

area ratio
fwhm of the GO peak

(2θ, deg)

acid concentration (constants: 40 mg, 16 mA) 7.1 M 143 0.95 2.147
10 M 155 1.20 1.404
11.6 M 164 3.40 1.442
14 M 157 2.36 1.991
16 M 98 1.82 1.888

current (constants: 40 mg, 11.6 M H2SO4) 2 mA 170 3.99 0.986
4 mA 161 4.49 1.102
8 mA 160 4.32 1.151
16 mA 164 3.40 1.442
24 mA 174 2.90 1.364
40 mA 164 2.12 1.491

graphite loading (constants: 24 mA, 11.6 M H2SO4) 40 mg 174 2.90 1.364
250 mg 163 2.37 1.318
500 mg 162 2.92 1.217
750 mg 137 0.22 1.613

working electrode substrate (constants: 500 mg, 24 mA,
11.6 M H2SO4)

IrTa 143 0.88 1.184

Pt 143 1.73 1.283
BDD 162 2.92 1.217
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graphite oxide. To this end, a laterally scaled version of the
reactor (Figures 1A and S11) was produced using the
commercially available FDM 3D printer. Materials used for
this larger reactor were identical with those used for the
smaller reactor, except that the walls were constructed from
polypropylene (PP) instead of glass. The surface area of the
working electrode (measured at the bottom of the bed) was
increased 7.89 times from 1.539 to 12.15 cm2. The graphite
loading per unit surface area was kept constant at 0.3249 g/
cm2, leading to a starting graphite amount of ∼3.95 g. The
absolute current was scaled proportionally with the surface
area.
After the reaction was run in this new setup, the total weight

of the product was 6.1 g, implying a mass increase of
approximately 55% from the starting material. Laterally scaling
the reactor in this way did not appear to affect the process or
product of the reaction significantly. A comparison of the XRD
diffractograms, X-ray photoelectron spectroscopy (XPS) C 1s
spectra, charging curves, and mass recovered (normalized to
the starting graphite) shows that the products of the smaller
and larger reactors are very similar (Figure S12), confirming
that the reactor can be scaled in the X and Y planes. The
reaction and purification took roughly 1 day, 8 h (Table S3),
requiring less time and far fewer steps than a typical modified
Hummers method (Table S4).
Material Characterization. From the larger-scale reactor,

the 6.1 g product cake was washed and briefly sonicated, then
characterized and compared to CGO prepared from a modified
Hummers method (Figure 3A−F). The XRD, XPS, and
Raman data for the precursor graphite used for EGO
synthesis are reported in Figure S13.
Chemical and Spectroscopic Characterization.

Although EGO is broadly similar to its chemically produced
counterpart, it differs in several ways. First, when dispersed in
water, ethanol, or other organic solvent, EGO has a much
darker brown appearance relative to CGO suspended at the

same concentration (Figure 3F), suggesting a more conjugated
graphitic structure.43 Regarding the XRD data (Figure 3A),
both EGO and CGO have similar peaks, although the
intensities of the 20−25° peaks are higher for EGO. These
peaks are associated with less oxidized materials, including
exfoliated graphene or graphite with residual oxygen functional
groups.41

Deconvolution of the XPS C 1s spectra (Figure 3B and
Table S7) reveals the presence of several components: CC
carbon (284.5 eV), carbon with hydroxyl or epoxy group (C−
OH/C−O−C at around 286.3 eV), carbonyl carbon (CO,
∼ 287.8 eV), and carboxyl carbon (COOH, ∼ 289.0 eV).
Hydroxyl and epoxy-bound carbon dominate the spectra,
consistent with the previous results for GO.44 CGO is clearly
more oxidized, with a greater fraction of CO (11.4 atom %)
and COOH (6.2%) groups relative to EGO (which only
contains 5.5% CO and 1.8% COOH). In addition, the EGO
spectrum contains the π−π* satellite shoulder, indicative of the
larger conjugated network. The survey spectra (Figure S14)
suggest a C/O ratio of 3.00 for CGO (∼25.0% oxygen) and
4.07 for EGO (∼19.7% oxygen). Thermogravimetric analysis
(TGA; Figure 3C) confirms that EGO is less oxidized than
CGO. Upon heating at 10 °C/min in argon, there is a slight
loss of mass in the materials before 150 °C because of water
loss. After around 150 °C, mass is precipitously lost, primarily
because of the loss of oxygen functional groups and carbon in
the form of gaseous CO and CO2.
The Raman spectra for EGO and CGO (Figure 3D) both

exhibit the D band around 1340 cm−1, the G band around
1589 cm−1, and broad 2D and D + G bands around 2500−
3300 cm−1, characteristic of oxidized graphite.45,46 Relative to
pure graphite, the defect-activated D band intensifies in EGO,
as defects from sp3 carbon and hole vacancies are introduced
to the carbon lattice. There are several differences between the
Raman spectra of EGO and CGO. First, the full width at half-
maximum (fwhm) for CGO is slightly wider than that for EGO

Figure 3. Material properties of exfoliated EGO compared with CGO. (A) XRD diffractograms. (B) High-resolution XPS C 1s spectra with
deconvolution to show the contributions of oxygen functional groups. CGO has a greater degree of oxidation and accompanying functional groups.
(C) FTIR spectra. (D) TGA curves measured in argon with a 10 °C/min heating rate. (E) Raman spectra measured on vacuum-filtered
membranes. (F) GOs dispersed in water by sonication at a concentration of 0.1 mg/mL, with the pH adjusted to 10 with ammonia.
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(the fwhm values for a two-component fitting are shown in
Table S5), a feature that is in some cases observed with
more defective GO.47 This is consistent with the XPS data,
which showed fewer COOH groups in EGO than
CGO (n.b. the COOH groups are typically associated with
edges and defects). Second, there is a more intense interband
region between the G and D peaks for CGO. This can be
attributed to an additional component, the D″ (also known as
D3)48−50 peak. Fitting the spectra with four components51

reveals that CGO has a more intense and wider D″ band
(fitting in Figure S16 and Table S6). The D″ band has been
correlated to more amorphous carbon structures. Finally, the
ratio of the intensities of the fitted D and G bands (ID/IG ratio)
for CGO (1.27) is somewhat greater than that for EGO (1.18).
Claramunt et al.51 have shown that the fitted ID/IG ratio is
directly proportional to the sp2 carbon fraction. This suggests
that EGO has relatively more sp2 carbon, consistent with the
XPS data.
Fourier transform infrared (FTIR; Figure 3E) spectra con-

firm the presence of oxygen functional groups in both EGO
and CGO. The curves are qualitatively similar, containing an
O−H stretching absorbance in the 3700−2400 cm−1 region
and an absorbance peak around 1723 cm−1, which can be
assigned to carbonyl-containing groups such as carboxylic
acids.52 The fingerprint region, around 500−1500 cm−1, is a
region of spectral overlap where it is difficult to assign peaks.52

However, the subtle peak at 1222 cm−1 has been ascribed to
the asymmetric stretching of the epoxide functional group.53

The remaining peaks, including the peaks around 1388 and
1043 cm−1, are formed from mostly C−O and CO
contributions.53

Morphological Characterization. In order to assess its
morphological characteristics, EGO was dispersed in dime-
thylformamide (DMF) and spin-coated onto a Si/SiO2 wafer
for scanning electron microscopy (SEM) and atomic force
microscopy (AFM) characterization or drop-casted onto a
holey carbon grid for transmission electron microscopy (TEM)
imaging. SEM (Figures 4D and S15B,C) and TEM (Figure
S15D) images reveal that the sheets have a typical GO
morphology. Particle size analysis of multiple SEM images
revealed an average lateral size of 2.15 μm (Figure 4B). AFM
revealed that the majority of the graphene was exfoliated to a
single layer, typically 1−1.2 nm thick, consistent with literature
reports for CGO and EGO (Figures 4A,C and S13A).17,20,26

Mechanism of EGO Formation in the PBER. In order to
better understand the mechanism of EGO formation in the
PBER, the reaction in the tubular glass reactor was stopped
approximately halfway through (i.e., after 11 h instead of the
full 22.5 h). The bottom of the EGO cake (roughly 2−3 mm)
had a distinct silver color when it was illuminated with a
flashlight compared to the black upper part of the cake, as
shown in Figure 5A. It is noteworthy that if the reaction is run
to completion, the reactant cake is thicker and uniformly black
(Figure 5B). Approximately 1 mm of the bottom of the cake
(i.e., the part closest to the BDD electrode) and the top half of
the cake were cut off and characterized separately. The
material was characterized in the experimental electrolyte
within 1 h of removal from the reactor to prevent the reaction
products from decomposing over time. The top component’s
XRD and Raman results resemble those of GO, while the
bottom component’s results resemble those of a GIC (Figure
5C−J).

Specifically, in the bottom, we can assign the Raman
spectrum to that of a stage III−IV GIC. GICs are given stage
assignments based on the average number of graphene layers
between layers of intercalant, with stage n indicating that there
are n graphene layers between adjacent layers of intercalant.
The stage number can be determined from the Raman peaks at
1591 and 1617 cm−1, arising from the E2g and E2g′ modes,
respectively.54,55 These modes are a result of vibrations of the
graphite lattice, with E2g′ being associated with “boundary
layer” graphite planes next to a layer of intercalant.54 In
general, as the stage index decreases, the intensity of E2g
decreases and that of E2g′ increases. In our case, E2g is much
less intense than E2g′, which has been observed for stage III and
IV H2SO4-based GICs produced from anodic oxidation.17,55

XRD is consistent with this stage assignment. The (002)
reflection is expected to be around 24.7° for a stage III
compound,56 as previously observed experimentally17,41,56,57

(peak labeling of the bottoms XRD is given in Figure S18).
The small shift of the (002) peak to 25° found here is most
likely due to the presence of the higher stage IV compound. In
contrast, the GO (002) reflection is evident in the tops.
Relative to the washed and dried product, this peak is shifted
to a lower angle because of increased interlayer spacing from
the intercalated water and acid. The Raman spectrum for the
tops is similar to that of the final, purified whole product, with
obvious D (1352 cm−1) and G (1605 cm−1) peaks. It differs
from the final product in that ID/IG is much lower (0.78), the
D and G peaks are slightly shifted, and the G peak is
bifurcated, with a sharp shoulder at 1627 cm−1.
Thoroughly water washing GICs41,58 or GO37,59 leads to

their hydrolytic decomposition. The hydrolysis affects both
EGO (the top product isolated here) and any remaining GIC
(the bottom product). From XRD, it appears that water
treatment causes the bottom GIC to deintercalate in order to
form graphite with only limited residual oxygen functional

Figure 4. Morphological characteristics of the as-prepared EGO. (A)
Layer distribution derived from AFM images. (B) Flake size
distribution derived from SEM images. (C) AFM line profile of a
typical single-layer EGO sheet with a height of approximately 1 nm.
(D) SEM image of several EGO sheets spin-coated onto a Si/SiO2
wafer. Additional images are given in Figure S15.
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groups.41 The top product, after drying, sees a shift in the
(002) reflection to 11.00° and the emergence of the 20.06°
and 42.33° peaks. The 42.33° peak arises from the (100) plane
and is observed here because the GO at this point has not been
exfoliated. After sonication, crystalline order along this plane is
lost, and this peak is no longer observed (see Figure S20 for
the postsonication XRD). Thus, water washing plays an
important role in the production of the final product,
hydrolyzing any existing sulfates,52 removing sulfuric acid,
and potentially reacting with and even creating oxygen-
containing groups.58

As a control, the top product was not washed with water but
rather was immersed in acetone overnight and then dried for 2
days. In this case, a distantly different pattern of peaks is
observed with XRD, as shown in Figure S19. Washing the
products of the Hummers method with organic solvents also
produces unique types of graphite oxides because the organic
solvents do not react with GO in the way water does.43,59 It is
likely that there are analogous pre-water-treated products for
EGO. On the basis of this evidence, we suggest the mechanism
graphically summarized in Figure 1B, Figure S21 and explained
further in Supplementary Note 3. On a macroscopic scale, we
have observed that the electrochemical oxidation front
proceeds from the top to the bottom of the packed bed,
wherein the EGO product first forms at the top of the packed
bed. This top-to-bottom reaction sequence is consistent with a
previous report that found that electrochemical GIC-forming
reactions in a packed bed also started near the bulk solution
and proceeded downward.60

Thermal Postprocessing of EGO and CGO. Mild
thermal annealing in air is an attractive strategy for
deoxygenation of GO because it is scalable, economical, and
does not introduce new chemicals into the material.

Furthermore, by limiting the heat transferred to the material,
thermal treatment can be a simple way to tune the GO’s
oxygen functionalization. To achieve this, we heated GO
samples for a fixed amount of time (5 min to 4 h) at a relatively
low temperature of 200 °C. 200 °C is close to, but above, the
threshold temperature required for significant mass loss in GO,
as demonstrated by previous studies in air on EGO15,17 and
CGO61,62 and by a TGA conducted with our materials in a
20% oxygen atmosphere (Figure S22). With thermal treat-
ment, the conductivity of both EGO and CGO tends to rise
orders of magnitude and the mass significantly falls (Figure
6A,B and Table S8). The improvement in the conductivity is
due to the loss (or rearrangement)63−65 of oxygen functional
groups and restoration of sp2 domains. Some of the oxygen is
lost as molecular oxygen, but the reactions can also remove
graphitic carbon (e.g., during the formation of CO or CO2).

63

Importantly, we find that, at all time points, EGO has
conductivity superior to that of CGO. At 1 h, EGO’s
conductivity peaks at 17882 S/m, while CGO’s conductivity
is 877 S/m. As discussed above, as-prepared EGO has fewer
oxygen functional groups than CGO, giving it higher inherent
conductivity. Larciprete et al.63 suggested that thermally
induced lattice damage (from CO and CO2 reactions) is
catalyzed by a high surface density of epoxide species. The XPS
data described above are consistent with CGO having more
epoxide groups, potentially leaving it more susceptible to this
type of lattice damage.
XRD shows that the predominate diffraction peak shifts

during thermal treatment from ∼11° to 24.8° as oxygen groups
are removed and the interlayer spacing contracts (Figure 6C).
The widening fwhm of the (002) reflection implies a decreased
crystallite size, in part due to shrinking graphitic domains.
Raman spectra (Figure S23) further show that increased

Figure 5. Characterization of the top and bottom parts of the partially reacted packed bed. Approximately halfway through the time required for a
complete reaction, the reaction was stopped, and the cake was carefully removed from the apparatus. Two types of graphite were obvious upon
visual inspection (A). The reactor cake from a separate experiment that was allowed to run to completion is shown for comparison (B). The top
(C−F) and bottom (G−J) parts of the reactor cake were carefully separated and subjected to XRD and Raman spectroscopy both before (C−D
and G−H) and after (E−F and I−J) washing with water. The top product appears to be rich in EGO, while the bottom product is rich in a stage
III−IV GIC.
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oxidation time led also to a qualitative increase in the D/G
interband intensity, likely due to an increase in the D″ mode
associated with amorphitization.51 FTIR shows that, chemi-
cally, the changes in EGO are not identical with those in CGO
(Figure S24). Although both EGO and CGO quickly lose
hydroxyl and epoxy functional groups, by the end of the
thermal treatment, CGO continues to show a sharp peak for
CO moieties, while EGO does not. Differences in the initial
extent of oxidation and structure likely account for the
differences in the transient and final products.
Application in LIBs. rGO66,67 and electrochemically

exfoliated graphene68,69 have proven to be useful as conductive
fillers in LIB cathodes. Graphene can improve the charge
transport through the cathode and also itself participate in
lithium redox reactions.68 We thus tested the effect of adding
our EGO or the previously characterized CGO into lithium−
iron phosphate (LFP) cathodes for LIBs. The cathodes were
based on a model coin cell setup (Figure S25) using 10 wt %
poly(vinylpyrrolidone) (PVP) as the binder and 10 wt %

carbon black (CB) as the conductive filler. To evaluate the
efficacy of GO addition without further optimization, 50% of
the CB was replaced with GO, and the dried cathode was
subjected to thermal annealing at 200 °C for 10 min. As shown
in Figure 7A, at all charging rates, the LIB with EGO had a
higher specific capacity relative to the battery without GO. The
performance was improved over CGO at higher charging rates.
The charge/discharge curves in Figure 7B show a typical trend
where the voltage plateaued as active sites in the LFP particles
reacted with lithium ions, a plateau that is higher at higher
charging rates. SEM images (Figure 7C,D) show the EGO
clearly wrapping around single LFP particles and/or spreading
across multiple particles. The conformal, wrapped morphology
is similar to previously reported LIB cathodes with electro-
chemically exfoliated graphene.68 We might expect that our
EGO enhances LIBs in a manner similar to that in previous
work, i.e., because of superior charge transfer throughout the
cathode due to the conductive nature of thermally converted
EGO.

■ SUMMARY AND CONCLUSIONS
In this paper, we have presented a scalable approach to
synthesizing EGO from flake graphite with high current
efficiency and yield. By forming GICs in the same reactor as
that used for oxygen functionalization, we obviate the need for
preintercalation and eliminate multiple, costly steps required
when using graphite rods or foil (Figure S1). Further, by using
flake graphite as opposed to more processed graphite, we have
reduced the price of the cost-controlling graphite input by an
order of magnitude (Table S1). The use of BDD allows us to
maintain specificity for graphite oxidation, and by operating at
low current, we further minimize unwanted water splitting in
the packed bed. Relative to CGO, our EGO is better able to
maintain the conductivity of graphite, conductivity that can be
tunably enhanced with a mild 200 °C treatment. Combined
with EGO’s solution processability, this opens up the
possibility of solution mixing EGO into composite structures,
followed by thermal defunctionalization, a strategy we
demonstrated with LIB cathodes. In addition to energy storage
devices, the favorable conductivity of EGO makes it a
candidate for other electronic applications, such as sensors
and flexible/wearable devices. In terms of the mechanism of
the reaction, we elucidate how the reaction proceeds through
the bed from top to bottom, transforming graphite from a stage
III−IV GIC to EGO. Our results highlight how reactor
engineering via 3D printing and the selection of a niche BDD
electrode can expand the possible synthetic routes for scalable
and cost-effective electrochemical production of GO.

■ EXPERIMENTAL SECTION
The methods are described concisely below. Further notes on the
reactor fabrication, EGO synthesis, and sample preparation for
characterization can be found in the Supporting Information,
Expanded experimental section.

Fabrication of Electrochemical Reactors. 3D-printed compo-
nents for the reactors were designed in Autodesk 123D Design. For
the smaller glass reactor, a conical weight platform and the flanges
used to clamp the reactor to the BDD (or other working electrode)
plate were printed using a semitransparent 1.75-mm-diameter ABS
filament (Verbatim Americas LLC, Charlotte, NC). The cylindrical
graphite press was printed with a semitransparent 1.75-mm-diameter
poly(vinylidene difluoride) (PVDF) filament (Apium Additive
Technologies, Karlsruhe, Germany). All parts for the larger PP
reactor were printed using a semitransparent 1.75-mm-diameter PP

Figure 6. Thermal treatment of EGO versus CGO. (A) Mean
conductivity of ∼20-μm-thick GO films after various treatment
periods in a 200 °C oven in air. The conductivity of each film was
measured multiple times, and error bars represent the interquartile
range. (B) Mass lost during the thermal treatment. The interquartile
range of repeated mass measurements on each film was less than 2%.
(C) Evolution of the XRD diffractograms during the thermal
treatment.
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filament (Verbatim Americas LLC, Charlotte, NC). All parts were
printed using a Makergear M2 or M3 3D printer (Beachwood, OH)
The smaller reactor was assembled by first gluing a 14 mm glass

tube to the 3D-printed clamping flanges (Figure S26). The tube was
then clamped onto the working electrode substrate (e.g., a BDD
plate). Parafilm (Parafilm M, Bemis, Neenah, WI) with a 13-mm-
diameter hole punched in was used to form a seal. The BDD plate was
100 mm (length) × 20 mm (width) × 2 mm (height) and was
composed of niobium coated with chemical-vapor-deposition-grown
polycrystalline BDD (Diaccon GmBH, Fürth, Germany). The
thickness of the BDD film was 12−18 μm. The Pt anode was a foil
of 0.05 mm thickness (Item 690-996-10, Goodfellow, Cambridge,
U.K.). The IrTa MMO was a 100 × 100 mm titanium plate coated
with the active anode material (Baoji Qixin Titanium Company, Ltd.,
Baoji City, China).
Three glass microfiber filters (pore size 0.7 μm, Whatman brand

from GE Healthcare, Chicago, IL; Catalog No. 1825-047)
were stacked on top of the graphite. A 3D-printed, weighted press
with a porous bottom (Figures S27 and S28) was then placed on top
of the glass fiber membranes to hold the graphite down. The counter
electrode consisted of a 33 cm loop of 0.25-mm-diameter Pt wire
(Item 850-988-64, Goodfellow, Cambridge, U.K.) suspended
approximately 4 mm from the glass fiber membrane. The working
and counter electrodes were connected to a Gamry Interface 1000
potentiostat (Gamry Instruments, Warminster, PA).
The larger rectangular PP reactor (schematic in Figure S11; 3D

models shown in Figures S26−S32) used the same BDD working
electrode material. The counter electrode was a 186 cm Pt wire loop
made of the same material as that used previously and was again
suspended roughly 4 mm above the bottom of the graphite press. The
porous graphite press was 3D-printed in PP. The glass fiber
membrane was the same material as that used above, and the seal
between the BDD and plastic was created using three pieces of
Parafilm M. The weight platform was a rectangular plastic piece. The
Gamry Interface 1000 was again used for these experiments.
Several iterations of the reactor were developed in our laboratory.

Each reactor took less than 1 day to print and required less than 250 g
of filament, highlighting the advantage of 3D printing for rapid
prototyping.

Synthesis of EGO. Natural flake graphite (Sigma-Aldrich Product
Number 332461; particle size, +100 mesh) was poured through the
opening at the top of the reactors. The glass fiber membrane
separators and the 3D-printed graphite press were then placed atop
the bed of graphite. Weight was then added to the top of the graphite
press (roughly 0.5 kg for the smaller reactor and 2.5 kg for the larger
reactor). The Pt wire counter electrode was cleaned before each
experiment by first sonicating in acetone for 3 min and rinsing in
ethanol and deionized water; then, the counter electrode was
electrochemically cleaned. This cleaning was done in a three-electrode
cell in 0.5 M H2SO4 and consisted of a constant +2 V for 2 min versus
saturated calomel electrode (SCE), followed by cyclic voltammetry
between −0.23 and 1.10 V versus SCE with a scan rate of 100 mV/s
for 20 cycles, stopping at 1.1 V.

The sulfuric acid electrolyte was diluted with deionized water from
98% sulfuric acid purchased from ChemSupply (Gillman, SA,
Australia). A total of 3.6 mL of electrolyte was used for the smaller
setup, and 28.4 mL was used for the larger setup. Before the start of
the reaction, the graphite press was manually agitated to remove any
entrapped air bubbles from the graphite bed. The experiments were
run in a constant-current, two-electrode configuration. After the
experiment appeared to reach the final voltage plateau, it was allowed
to continue to run until at least 60 C of charge had been transferred
from the graphite bed. This was to ensure that the final voltage
plateau had, in fact, been reached and that the slope of the voltage
curve had stabilized. When the graphite loading was 250 mg or more,
the voltage curve did not plateau below 12 V but rather began to
rapidly rise at the end. In this case, the experiment was stopped when
it was evident that the slope of the voltage curve was approaching
vertical.

At the conclusion of the EGO synthesis, for the smaller setup, the
EGO was transferred to 125 mL of deionized water. For the larger
∼4-g-scale reactor, the product was first transferred into ∼100 mL of
50 wt % sulfuric acid to avoid excessive heat from acid dilution. The
acid was then filtered off, and the solids were transferred into 1 L of
deionized water. The product was then stored at 4 °C. The yield was
found by pipetting up a known volume of the product solution,
sonicating it for 5−10 min, forming a film via vacuum filtration, drying

Figure 7. LIB characterization with and without GO addition. Experimental cathodes were made by mechanically mixing LFP, PVP, CB, and EGO
or CGO in a 80:10:5:5 mass ratio. The GO cathodes were briefly heat-treated at 200 °C in air. As a control, cathodes were prepared in the
conventional manner without GO. (A) Performance testing of the LIBs at five charging rates. (B) Charge/discharge profiles for the EGO cathode
at different charging rates (data shown for the third cycle at each charging rate). (C) SEM image of the cathode material prepared without GO. (D)
SEM image of the cathode with EGO. Large spherical particles of approximately 1 μm are LFP, while smaller spherical particles are CB.
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the film overnight in an 80 °C oven in air, and then quickly removing
and weighing the freestanding film.
Synthesis of CGO. The synthesis procedure was based on a two-

step modified Hummers method using acid-treated graphite as the
precursor.70 This graphite was sourced from Asbury Graphite Mills,
grade 1721, and was sieved to retain 200−300 μm flakes. A total of 1
g of the graphite precursor was mixed with concentrated H2SO4 (50
mL) in a 500 mL three-necked flask and placed in an ice bath with
mechanical stirring at 120 rpm. After the temperature was cooled
below 10 °C, KMnO4 (3 g) was slowly added to the mixture, and the
mixture was kept in an ice bath for 1 h. The ice bath was removed,
and the reaction temperature was elevated to 45 °C and held at this
temperature for 4 h. After this reaction, the water bath was replaced
with an ice bath, and 150 mL of cooled water was slowly added into
the mixture via a peristaltic pump over a period of 90 min. The
reaction system was then kept in the ice bath for another 30 min. At
the end of the reaction, in order to react away residual KMnO4, H2O2
was added dropwise until the color of the resulting product stopped
changing. To remove residual metal ions, 300 mL of a dilute HCl
solution (1:9) was added to the product, and the product was allowed
to sediment overnight. The resulting sediment was taken as the
product and the supernatant discarded. The product was washed with
water and centrifuged at 13000 rpm for 15 min repeatedly until the
pH of the supernatant stabilized at ∼4. Finally, the product was
suspended in 200 mL of deionized water and stored in a refrigerator
at 4 °C.
Sample Preparation and Materials Characterization. General

characterization and purification procedures are described here. For
additional details about the sample preparation for XRD, XPS, SEM,
and AFM, see the Supporting Information, Expanded experimental
section.
XRD was performed on a Bruker D8 Advance diffractometer,

equipped with a graphite monochromator. Thin films were scanned in
fixed sample illumination mode (5 mm illumination length), and
packed-bed samples were scanned with a fixed divergence slit of 0.1°.
For all samples, the scan rate was 3°/min. The spectra were
background-corrected where necessary, and the area under the curves
was calculated using Bruker Dif f rac.Eva 4 software.
To purify the samples for further characterization, EGO was

washed with several rounds of centrifugation. First, 500 mg of the
product was rinsed several times with deionized water in a vacuum
filtration cup and then sonicated for 10 min in deionized water in
order to expand the graphite. Subsequently, the product was
centrifuge-washed four times at 4800 rpm (2437 g) for 30 min in a
Velocity 18R centrifuge (Dynamica Scientific, Livingston, U.K.).
CGO was not further purified beyond the centrifuge washing already
described.
XPS data were acquired using a photon energy of 1486 eV from the

soft X-ray spectroscopy beamline at the Australian Synchrotron with a
SPECS Phoibos 150 hemispheric analyzer. Binding energies of all XPS
spectra were calibrated using a clean gold foil in electrical contact with
the samples. SEM, AFM, and single-flake Raman analysis were
performed on EGO spin-coated onto a conductive Si/SiO2 wafer (for
SEM and AFM) or a 300 nm wet thermal oxide silicon wafer (for
single-flake Raman spectroscopy). SEM was conducted on a Joel JSM-
7500FA microscope. AFM images were collected using a Bruker
Dimension Icon atomic force microscope with a RTESPA300 probe
operating in ScanAsyst mode. ImageJ was used for particle-size
analysis of the SEM images, and the size distribution was based on
175 flakes. AFM images were analyzed using Bruker Nanoscope
Analysis. The height of 102 flakes was measured using the line profile
tool.
Raman spectroscopy was performed on a Renishaw inVia Raman

microscope equipped with a 532 nm laser and 20× and 100×
objectives (used on the single-flake graphene). The spectra were
background-corrected and curve-fit using Renishaw Wire 5.0 software.
For most Raman analysis, measurements were acquired from a
vacuum-filtered membrane created from an aqueous suspension of the
purified product. For Raman analysis on the wet product taken
directly from the reactor, the EGO was spread onto a glass slide. For

this and all Raman testing, the spectra were randomly acquired from
at least 10 different flakes (or parts of the membrane) to ensure that
the presented spectra were representative. Attenuated-total-reflec-
tance Fourier transform infrared (ATR-FTIR) spectra were acquired
using a Bruker Alpha spectrometer with a Platinum ATR single-
reflection diamond ATR module. For this analysis, a piece of the
vacuum-filtered membrane was pressed against the diamond, and the
spectra were recorded over 24 scans. The spectra were smoothed and
baseline-corrected using Bruker Opus 7.2 software. High-resolution
TEM was conducted on a Hitachi HT 7700 system. The samples were
prepared by diluting and briefly sonicating an EGO DMF dispersion e
and then drop-casting the dispersion onto a copper grid. TGA was
performed on a Netzsch STA 449F3 analyzer in either an argon
atmosphere or a 20% oxygen/80% argon gas environment. In either
case, the temperature was first ramped to 50 °C at a rate of 40 K/min
and then held at 50 °C for 2.5 h. Subsequently, the temperature was
ramped to the final temperature at a rate of 5 K/min (for the oxygen
atmosphere experiment) or 10 K/min (for the argon atmosphere
experiment). The electrical conductivity measurements for the EGO
and CGO films were carried out on a Jandel RM3000 four-point
probe system with a linear-arrayed head (probe spacing of 1 mm). A
total of 30 measurements were taken for each ∼20 μm film. We note
that, like CGO, the conductivity of the EGO films gradually increases
over time when stored in the dried state. Therefore, conductivity
measurements were performed on freshly cast membranes.

For the thermal treatment study, four 13-mm-diameter disks
weighing 3−5 mg initially were punched from a vacuum-filtered
membrane. The disks were then placed in a standard laboratory oven
in an air atmosphere at 200 °C. The disks were sequentially removed
after 5 min, 10 min, 1 h, and 4 h. Both before and after the thermal
treatment, the disks were weighed with an analytical balance, their
sheet resistances measured using the four-point probe, and their
thicknesses measured using a digital outside micrometer. Raman,
FTIR, and XRD were carried out on the heat-treated disks as
described above.

LIB Testing. For preparation of the control LIB cathodes, 10 wt %
PVDF, 10 wt % CB, and 80 wt % of the active material, LFP, were
mixed with N-methyl-2-pyrrolidone (NMP) by grinding in a mortar
and pestle for 30 min and then stirred for 3 h. The resultant slurry,
coated on an aluminum foil, was dried at 80 °C for 12 h in air. The
coin cells (2032) were assembled in an argon-filled glovebox using a
lithium foil as the anode and 1 M LiPF6 dissolved in ethylene
carbonate, dimethyl carbonate, and ethyl methyl carbonate with a
volume ratio of 1:1:1 as the electrolyte. A schematic of the coin cell is
shown in Figure S25. Cells were tested at ambient temperature. The
testing voltage in the constant-current mode was between 2.5 and 3.8
V, and the cells were charged in the constant-voltage mode at 3.8 V
until the current reached 10% of the current rate. Battery tests were
performed on a Land CT2001A battery tester.

For the experimental conditions, 50 wt % of the CB amount was
replaced with EGO, such that EGO made up 5% of the total cathode
mass. To prepare the EGO, the product was purified as described
above and then shear-mixed at low speed for 20 min at a
concentration of 0.3 mg/mL in water adjusted to pH 10 with
ammonia added to improve the dispersibility. After it was freeze-dried
for storage, the EGO was redispersed in water. The pH was adjusted
to 12 with ammonia, and the solution was probe-sonicated for 2 h in
an ice bath. The product was freeze-dried to remove water before
being combined with the other cathode materials by grinding in
NMP, as described above. As above, the cathodes were dried at 80 °C
for 12 h in air. To improve its conductivity, the cathode was then
heat-treated by placing it in an oven at room temperature in an air
atmosphere, ramping the temperature to 200 °C at 5 °C/min, and
then holding the temperature at 200 °C for 10 min.
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Expanded experimental section
The experimental methods of the main text are annotated here with additional details.

Fabrication of Electrochemical Reactors
3D-printed components for the reactors were designed in Autodesk 123D Design. For the smaller glass reactor, a conical weight

platform and the flanges used to clamp the reactor to the boron-doped diamond (or other working electrode) plate were printed using

a semitransparent 1.75-mm-diameter ABS filament (Verbatim Americas LLC, Charlotte, NC). The cylindrical graphite press was

printed with a semitransparent 1.75-mm-diameter PVDF filament (Apium Additive Technologies, Karlsruhe, Germany). All parts for

the larger polypropylene (PP) reactor were printed using a 1.75-mm-diameter semitransparent PP filament (Verbatim Americas LLC,

Charlotte, NC, US). All parts were printed using a Makergear M2 or M3 3D printer (Beachwood, OH).
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The smaller reactor was assembled by first gluing a glass tube (cut from a standard 14 mm internal diameter test tube) to the 3D

printed clamping flanges with epoxy resin. The tube was then clamped onto a metal or coated metal working electrode substrate (in

this case, a platinum (Pt) foil, mixed metal oxide (MMO) plate, or boron-doped diamond (BDD) plate). Glass was used in the smaller

reactor and for fundamental studies to allow us to visually monitor the reaction. Three layers ofParafilm (Parafilm M, Bemis, Neenah,

I/VI) with a 13-mm-diameter hole punched in them were placed between the glass tube and the underlying metal to form a seal. The

BDD plate had dimensions 100 mm (length) >< 20 mm (width) >< 2 mm (height) and was composed of niobium coated with CVD-

grown polycrystalline BDD (Diaccon GmBH, Fiirth, Germany). The thickness of the BDD film was 12-18 um. The Pt anode was a

foil of 0.05 mm thickness (Item 690-996- 10, Goodfellow, Cambridge, UK). The iridium-tantalum MMO was a 100 >< 100 mm

titanium plate coated with the active anode material (Baoji Qixin Titanium Company, Ltd, Baoji City, China).

In this design, flake graphite was poured into the glass tube to form a packed bed. Three glass microfiber filters (pore size 0.7 um,

I/Vhatman brand from GE Healthcare, Chicago, IL; Catalog No. 1825-047) were cut to fit the shape of the glass tube and stacked on

top of the graphite. A 3D printed, weighted press was then placed on top of the glass fiber membranes to hold the graphite down. The

graphite press had rectangular gratings of approximately 2.5 mm thickness at the bottom to allow electrolyte and gas flow between

the graphite bed and the bulk solution. The counter electrode consisted of a 33 cm loop of0.25 mm diameter Pt wire (Item 850-988-

64, Goodfellow, Cambridge, U.K.). The Pt wire loop was fed into the graphite press until it was suspended approximately 4 mm from

the glass fiber membrane. The working and counter electrodes were connected to a Gamry Interface 1000 potentiostat (Gamry

Instruments, Warminster, PA).

The larger rectangular PP reactor (schematic in Figure S11) used the same BDD working electrode, but the graphite covered a

larger area of the plate. The counter electrode was a 186 cm Pt wire loop made of the same material used previously and was again

suspended roughly 4 mm above the bottom of the graphite press. The graphite press was 3D printed in PP and had square holes of

approximately 2 mm width at the bottom to allow electrolyte and gas flow. The glass fiber membrane was the same material as used

above, only cut into a rectangle to cover the graphite bed fully. The seal between the BDD and plastic was created using three pieces

of Parafilm M with a rectangular hole cut to fit the opening at the bottom of the reactor. The weight platform was a rectangular plastic

piece that fit over the graphite press had a porthole for electrolyte addition. In order to ensure that the weight was centered on the

graphite bed at all times, the weight platform had an additional circular plastic piece attached to it which had grooves which fit around

two poles/retort stands, which served as guide rails. The counter electrode wire was fed out the top of the graphite press via a hole at

the side of the press. The BDD was connected via a lead to the potentiostat using a piece ofdouble-sided copper tape strongly adhered

to the BDD.

Synthesis of electrochemically derived graphene oxide (EGO)
In both the smaller and larger version of the reactor, natural flake graphite (Sigma Aldrich Product Number 332461, particle size:

+100 mesh) was poured through the opening at the top of the reactor (the amount varied and is specified in the text). The reactor

was tapped several times to ensure the graphite was evenly distributed across the working electrode substrate. The glass fiber

membrane separators and the 3D-printed graphite press were then placed atop the bed of graphite. Weight was then added to the top

of the graphite press. For the smaller reactor, this consisted of roughly 0.5 kg (i.e. 0.3249 kg/cmz), and for the larger reactor, 2.5 kg

was added (0.2058 kg/cmz). Note that in preliminary experiments, it was found that the reaction was not strongly dependent upon

the weight, provided that the weight loading was less than 0.3249 kg/cmz. The Pt wire counter electrode was cleaned before each

experiment by first sonicating in acetone for 3 min and rinsing in ethanol and deionized water; then, the counter electrode was

electrochemically cleaned. This cleaning was done in a three-electrode cell in 0.5 M HZSO4 and consisted of a constant +2 V for 2

minutes versus SCE, followed by cyclic voltammetry between -0.23 and 1.10 Vversus SCE with a scan rate of 100 mV/s for 20 cycles

(stopping at 1.1 V).

The sulfuric acid electrolyte (7.1-16 M, depending on the experimental condition, diluted with deionized water from 98% sulfuric

acid purchased from ChemSupply (Gillman, SA, Australia)) was then pipetted into the reactor from a hole in the top. 3.6 mL of

electrolyte was used for the smaller setup, and 28.4 mL was used for the larger setup. This volume ensured the graphite and Pt counter

electrode were submerged in electrolyte. Before the start of the reaction, the graphite press was manually agitated to remove any

entrapped air bubbles from the graphite bed. The working electrode substrate and the Pt wire counter electrode were connected to a

Gamry Interface 1000 potentiostat (Gamry Instruments, Warminster, PA) in a two-electrode configuration, and a constant current
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A.  Graphite foil based EGO forming process2-3 

was then applied. After the experiment appeared to reach the final voltage plateau, it was allowed to continue to run until at least 60

coulombs of charge had been transferred from the graphite bed. This was to ensure that the final voltage plateau had in fact been

reached and that the slope of the voltage curve had stabilized. Note that previous work in our lab has shown that once the reaction

shifts to oxygen evolution and the voltage has reached its final plateau, the graphite experiences minimal additional functionalization.‘

W'hen the graphite loading was 250 mg or more, the voltage curve did not plateau below 12 V (the voltage limit of the potentiostat),

but rather began to rapidly rise at the end. In this case, the experiment was stopped when it was evident that the slope of the voltage

curve was approaching vertical.

At the conclusion of the EGO synthesis, the reactor was disassembled. For the smaller setup, the graphite oxide was transferred to

125 mL of deionized water. For the larger ~ 4 g scale reactor, the product was first transferred into ~1OO mL of 50 wt.% sulfuric acid

to avoid excessive heat from acid dilution. The acid was then filtered off and the solids transferred into 1 L of deionized water. Note

that in a control experiment, the product was transferred directly into deionized water; the XRD spectra did not change based on this

difference in the washing procedure. The product was then stored in a refrigerator at 4 “C. The yield was found by pipetting up a

known volume of the product solution, sonicating it for 5- 10 minutes, forming a film via vacuum filtration, drying the film overnight

in an 80°C oven in air, then quickly removing and weighing the freestanding film. The total mass of the product was calculated from

this amount.

Additional details about the sample preparation used for characterization
To prepare the GO products for XRD characterization, most samples were cast into vacuum filtered membranes. For the EGO,

unexfoliated product was placed in a vacuum filter cup and rinsed with deionized water several times. A small milligram-scale amount

of the product was then sonicated in water for approximately 20 minutes. The solution was used to form a membrane via vacuum

filtration. A roughly 13-mm-diameter disk, cut from the membrane, was adhered to a flat, zero background silicon wafer. The adhesion

was accomplished by dropping a small, concentrated amount of the previously sonicated product onto the wafer, placing the

membrane on top of the droplet, and allowing it to dry in ambient conditions. In some cases, the membrane was not dispersible in

solvents (i.e. after 1 h thermal treatment), and so the membrane was carefully placed atop the silicon wafer. CGO XRD samples were

prepared in the same manner, except that the material was centrifuge-washed as described in the main text (Synthesis of CGO

section), and then used to form the vacuum filtered membrane.

For the study of the EGO mechanism, some XRD samples consisted ofpacked beds ofgraphite/GO. For XRD run on presonicated

wet samples, the product was drained of excess liquid using vacuum filtration and then immediately packed into a shallow bed inside

the cavity of an amorphous silicon wafer. For the presonication, dried samples, excess liquid was removed from the graphite oxide

using vacuum filtration and the material dried at room temperature under vacuum for two days.

For X-ray photoelectron spectroscopy (XPS), the material was first subjected to high-speed centrifugation to fully separate it from

the solvent. The centrifuge sediment was thoroughly mixed, drop cast onto a conductive Si/SiO2 wafer, and dried overnight under

vacuum at room temperature. The remaining product was freeze-dried in preparation for further characterization. For the SEM, AFM,

and single-flake Raman analysis, the freeze-dried product was resuspended in DMF at a concentration of 0.1 mg/mL. To exfoliate the

EGO fully, the product was sonicated for 10 min, then low speed shear mixed for 10 min, sonicated for 10 min, then shear mixed again

for 10 min. Shear mixing was performed with a Dragonlab D-500 homogenizer (2-cm-diameter mixing head with vertical slotted

screen) operated at its lowest speed setting. Finally, EGO was spin coated onto a conductive Si/SiO2 wafer (for SEM and AFM) or a

300 nm wet thermal oxide silicon wafer (for single flake Raman spectroscopy).

Supplementary Figures
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Figure S 1. Process flow diagrams for EGO synthesis which uses graphite foil as its direct input (a) versus the current work, which uses graphite
flakes directly For (a), the steps for the synthesis ofacid intercalated graphite were adapted from ref. 4, the steps required to make graphite
sheets/graphite foil were adapted from ref. 5, and the process for two-step EGO oxidation of graphite foil was adapted from refs. 2'3. N.b.
graphite rod can also be used to synthesize EGO. However, this process does not start with mined flake graphite, but rather amorphous
carbon (namely, calcined petroleum coke) which is later graphitized.” Therefore, the process is not directly comparable to ours. However,
graphite rod manufacture is a complex, multi-day process requiring high (>1000 °C) temperatures, complexity which is captured in its price,
shown in Table S 1.
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Figure S2. Small-scale electrochemical cell used to 40-750
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Figure S3. Photographs ofthe graphite bed expanding throughout the reaction with accompanying charging curves (whole cell voltage versus
time). 250 mg ofgraphite was used as the starting material, with an 1 1.6 M sulfuric acid electrolyte and 24 mA constant current. The starting
height of the bed was approximately 1.4 mm, and the final height was 4.70 mm. In later photographs, bubbles can be seen emerging from the
sides of the beds. Video recordings of this experiment showed that the bubbling rate increased around 29000 s (8 h, around 2.91 V), as the
voltage began to rise from its initial plateau, ascribed to oxygen evolution from the graphite bed.
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Figure S5. Calculation of the ratio ofprimary graphite oxide peak v. peaks corresponding to less oxidized components.This ratio provides a
measure of the amount ofgraphite oxide in each sample relative to less oxidized components (although we note that because the intensity of
each peak may change at a different rate with changes in the concentration of the underlying species, the ratio is only a correlation). Data
shown is for the 10 M sulfuric acid, 16 mA current, 40 mg starting graphite condition.
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Figure S9. Linear sweep voltammetry in the experimental electrolyte, 11.6 M sulfuric acid, using three different working electrodes, iridium
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Figure S11. Larger scale electrolytic cell for the reaction of approximately 4 g of flake graphite. (a) Cross sectional diagram. (b) and (c)
Different views of the reactor. (d) The graphite oxide product at the end of the reaction; the boron-doped diamond working electrode
substrate was removed, the reactor was inverted, and the product was pressed upwards using the plastic press.
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c) SEM micrographs of the ~4 g scale EGO product dispersed in DMF and spin coated onto a Si/SiO; wafer. Several of these type of
micrographs were statistically analyzed to generate flake size statistics. (d) TEM micrograph of an EGO flake.
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(CGO) films during thermal treatment for various times in a 200 °C oven in air.
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Figure S25. Exploded view ofcoin cell setup.

3D models used for the 3D printing ofthe packed bed reactors
The original STL files associated with the 3D models are available upon request.
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Figure S26. 3D model used to print the glass tube holder and clamping flanges used to build the smaller scale reactor.

Side views

Top down view

Bottom up view

Figure S27. 3D model used to print the graphite press used in the smaller scale reactor. Dimensions are in mm.
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Top down view Side view 1

Bottom up view Side view 2

Figure S28. 3D model used to print the weight platfonn used in the smaller scale reactor. The bottom of this part was glued to the top of the
graphite press shown in Figure S27 to form a single piece. Dimensions are in mm.
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Figure S29. 3D model used to print the larger scale reactor. Dimensions are in mm.

Figure S30. 3D model used to print the graphite press used in larger scale reactor. Dimensions are in mm.

Top down
view
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Side view

Figure S31. 3D model used to print the graphite press cap used in the larger scale reactor. Dimensions are in mm.
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Figure S32. 3D model used to print the weight platfonn used in the larger scale reactor. Dimensions are in mm.
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Supplementary Tables

Table S 1. Comparison of the cost ofgraphite precursors for EGO synthesis

Graphite source Cost (USD) Source

Solid packed graphite (e.g.
graphite rod or graphite
electrode)

Graphite foil (also known as
flexible graphite sheet)

Flake graphite

>!<

$10,064 per metric ton in 2018 for industrial sized graphite electrodes 9

$0.1 per square meter of 0.5 mm thick graphite foil, $25,000-$100,000 per metric 1°
ton

$1,000-1,300 per metric ton for Chinese graphite delivered to Europe, 94-97% C 11
+80 mesh size

*Note that graphite foil is a high-end, processed form of graphite, rather than a commodity input. Thus, unlike flake graphite and

solid graphite electrodes, it is often sold by the square meter and its price is not tracked by common industry trade

magazines/databases.

Table S2. Review of all reported electrochemically produced graphene or graphite oxide studies in the academic literature in the graphene
era (i.e. post-Geim and Novoselov, 2004)

Reference Starting graphite

1Z—14

Reactor
configuration

Electrolyte

Oxygen
content
(atom % or
C/O ratio)

% ofproduct
retained for
analysis*

This work

Pei et al.
20 182

Cao et al.
20173

Tian et al.
2017 ‘

Gurzeda et al
2017 '5
Gurzeda et al.
2016'“
Parvez et al.
2016”
Markovic et
al. 2016'”

Yu et al.
201519

Rao et al.
2015"’

Natural graphite
flakes
Graphite foil

Graphite foil

Natural graphite
flakes compressed
into a disk

Flake graphite
enclosed in a Pt mesh
Flake graphite
enclosed in a Pt mesh
Graphite rod

Graphite rod or
HOPG

Natural graphite
flakes

Graphite rod

Packed bed

Parallel plate
reactor

Parallel plate
reactor

Graphite disk
between two
parallel plates

Parallel plate
reactor
Parallel plate
reactor
Parallel plate
reactor
Parallel plate
reactor

Stirred graphite
flakes

Parallel plate
reactor

11.6 M sulfuric acid

Concentrated sulfuric acid,
followed by 50 wt.%
sulfuric acid
Concentrated sulfuric acid,
followed by 0.1 M
ammonium sulfate
4.6-11.6 M perchloric acid
(11.6 being the optimized
concentration)

11 M sulfuric acid

8 M perchloric acid

1 M ammonium sulfate

Ammonium persulfate

1 M sulfuric acid in
saturated ammonium
sulfate aqueous solution
Glycine in dilute sulfuric
acid

20%

C/O = 1.7

17.7%

25%

23.1%

9.25%

28.3%

22-25%

21%

11%

100%

Product weighs
96% of starting
graphite weight
71%

100%

100%**

100%“

80%

76% (for a
graphite rod
starting material),
42% (for HOPG)
Product weighs
37.6% of starting
graphite weight
2.2 g/L

S-27



 

 

Abdelkader et Unclear from text
al. 2014“ (presumably graphite

rod)

Parallel plate
reactor

Liu et al. Pencil core
2013“

Singh et al. Pencil core
201 223

Parallel plate
reactor
Parallel plate
reactor

0.2 M sodium citrate

1 M phosphoric acid

Triethyl sulfonium
bis(trifluoromethyl
sulfonyl) imide ionic
liquid

C/O =7.6

Not
reported
Not
reported

80-88% (as a
proportion of the
mass removed
from the anode)
l0O%'i

Not reported

* Defined as the mass of the product retained after separation (via centrifugation, sedimentation, etc.) as a percentage of the total

mass of the product after the reaction, including unreacted graphite. VVhere this value was not reported, another measure of yield is

shown, if available.

** Graphite oxide rather than graphene oxide produced. Reduced graphene oxide was produced after thermal treatment.

Table S3. Electrochemical oxidation of 3.9 g flake graphite using the newly developed method using the large setup

Preparation step Time required

Reactor setup i_1 5 minutes

Electrochemical synthesis l\J7.5 hours

Reactor disassembly and water washing with vacuum filtration, sonication and centrifugatio 1'3 hoursU-1

Total time ~32 hours

Table S4. Chemical oxidation of 1 g flake graphite using a two-step modified Hummer’s method*

Preparation step Time required

Pre-oxidation treatment”

Reactor setup 15 minutes

Synthesis of graphite intercalation compound (GIC) in concentrated H2504 and KMnO4 15 minutes

Separating graphite from acid mixture; washing with water to form pre-oxidised graphite 15 minutes

Drying at elevated temperature (90 °C) 4 hours-overnight

GO synthesis

Reactor setup 15 minutes

Kl\/[nO4 addition in an ice bath 1 hour

Reaction at 45 “C 4 hours

Cooling the reaction and holding in ice bath 2 hours

H202, HCl addition and overnight sedimentation 18 hours

Water washing with six rounds of centrifugation (20 minutes per round) 2 hours

Total time 232 hours

* The procedure outlined reflects the methods used to produce chemically derived graphene oxide (CGO) in this study.
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EGO process, the minimal time required for graphite pre-oxidation is provided based on a standard method.

Table S5. Two component fitted statistics for the D and G peaks of as prepared EGO and CGO

Sample Component Peak center Full width at half
Name maximum (cm‘ ')

Intensity
(a.u.)

EGO

EGO

CGO

CGO

D 1341.82

G 1588.19

D 1349.31

G 1589.19

94.15

64.67

116.35

75.25

19865

20124

13549

14192

Table S6. Four component fitted statistics for the D and G peaks ofEGO and CGO.

Peak Statistic CGO EGO

1) FWHM (em-1) 111
Intensity (a.u.) 13591

Center (cm") 1346

% Gaussian 26

Area (a.u.) 2169400

D" FWHM (cm-1) 143
Intensity (a.u.) 2560

Center (cm") 1518

% Gaussian 100

Area (a.u.) 389792

G FVVHM (cm’1) 60

Intensity (a.u.) 10651

Center (cm") 1583

% Gaussian 44

Area (a.u.) 865716

1)‘ FWHM (cm") 35
Intensity (a.u.) 6706

Center (cm") 1611

% Gaussian 100

Area (a.u.) 246680

* Note that a D component was not needed to fit the curve well, as previously found by Lopez-Diaz et al. for CGO synthesized from natural
flake graphite“

>I<

94

19592

1340

34

2570680

155

2427

1499

100

400009

57

16539

1583

23

1377330

27

7998

1607

100

228521

4

In our study, preoxidised graphite for CGO synthesis was sourced from Asbury Graphite Mills. To provide a comparison with the
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Table S7. Deconvolution results for XPS analyses of larger scale EGO experiments and chemically derived graphene oxide (CGO)

CGO EGO, ~4 g scale I EGO, 0.5 g scale

I Position Atom % Position Atom %

O O 284.46 44.8% 284.51 58.6% 284.51 59.3%

0, c-0-c0 286.34 37.6% 286.39 34.2% 286.38 33.3%

O O 87.79l\-3 11.4% 287.25 5.5% 287.59 5.1%

OOHO 89.03l\-3 6.2% 288.60 1.8% 288.65 2.3%

31 3 -is 290.39 290.00

Position Atom %

Table S8. Conductivity and mass loss ofEGO and CGO membranes as a function of thermal treatment time at 200° C in air

Mean conductivity (S/m) Mass remaining (%)

Thermal
treatment
time

EGO CGO EGO CGO

Initial 45.912 F’O05 1-1 O Q 1-1 QQ

5min 1268.5 9° \l 86 O0 -P

10 min 2561.9 to9’oo 85 O'\ \O

l hour 17882.5 O0 77.1 68 (/1 (/1

4 hours 16491.2 -P94.1 64 (/1 (/1
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Supplementary Notes

Supplementary Note 1: Additional notes on the effect of acid concentration

Measurement ofthe mass ofthe final product versus the mass of the starting graphite (the ‘yield’ shown in Error! Reference source

not found. and Figure S4b) supports the conclusion that the 11.6 M condition was most oxidized. A maximum yield of 160% was

recorded for the 11.6 M acid condition. This mass increase is driven by increased oxygen addition to the carbon lattice.

Note that previous studies,1'Z5’26 including work in our lab,‘ on anodic graphite oxidation in mineral acids have found there is an

optimal balance between the amount ofacid versus water in the electrolyte. It appears that when the acid concentration is greater than

optimal, there is insufficient water to act as oxidant, limiting the graphite oxide forming reaction. If the acid concentration is too low,

however, there is insufficient acid intercalation to catalyze oxidation of the basal plane.

The higher acid concentration was chosen not only to optimize extent of oxidation, but also to control the reaction time.

Examination of the charging curves (shown in Figure S4a), shows that total time required for the reaction to reach its final voltage

plateau decreases as the acid concentration increases, possibly due to increased current efficiency for graphite oxidation over water

splitting.

Supplementary Note 2: Additional notes on the effect ofgraphite loading

The total reaction time, as measured by the time taken for the voltage to reach its final plateau or achieve a near vertical slope , was

roughly proportional to the starting mass when the mass was less than 500 mg (see charging curves in Figure S7). However, when the

starting graphite was increased to 750 mg, the charging time did not increase markedly. This suggests that less charge was transferred

away from the graphite lattice per unit mass, and that the graphite was less oxidized. This is further supported by the fact that the mass

recovered with respect to the starting graphite was significantly less in the 750 mg condition, 137%, as compared to the 500 mg

condition, 162%.

Supplementary Note 3: Additional notes on the mechanism and role ofwater

In the mechanism illustrated in Figure S21, water acts as an oxidant to functionalize the graphitic carbon. This mechanism initially

was proposed in early work“ and supported by recent “O isotropic tracing experiments showing the source ofoxygen in sulfuric acid-

based EGO is water.2 Note that the precise mechanism involved in transfer of oxygen from water to graphite has still not be fully

elucidated in the literature. On the one hand, there may be an acid hydrolysis of the GIC by water/OH‘ anions, eventually leading to

covalent bond formation.26’Z7 However, it has also been suggested that hydroxyl or other oxygen radicals formed during the process

ofwater electrolysis can act as oxidants, oxidizing the graphite instead ofproceeding to form O2 gas.2'28'3° It is likely the reaction scheme

is complex and that both of these pathways play a role.

Interestingly, while recent work has suggested that low stage intercalation compounds (i.e. near stage I) are important for EGO

formation,"3"3 in our model, single-layer EGO can be produced from higher stage GICs. Thus, the initial degree of acid intercalation

does not determine oxygen functionalization of the basal plane. Oxygen functionalization, along with oxygen evolution, may work in

tandem with acid intercalation to open the graphite gallery and allow diffusion of oxidants in.
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A B S T R A C T

Electrochemistry has emerged as a major route for graphene and graphene oxide synthesis from graphite. Anodic
graphite oxidation is commonly used with dilute mineral acid or aqueous salt electrolytes. In this system, the
electrolyte acid concentration appears to be a critical parameter. However, the effect of the acid concentration,
particularly at low concentrations, is still not fully understood. To address this issue, we used a packed bed
electrochemical reactor to synthesize seven different electrochemical graphite oxide (EGO) products in 2–16M
sulfuric acid. Detailed XRD, XPS, Raman, conductivity and optical microscopy analysis of the products was carried
out. We found dilute acid (<10M) graphite oxides were less crystalline and less oxidized than those produced in
stronger acids. The oxygen evolution reaction at the graphite surface appears to affect the structural changes,
oxidation mechanism, and electrochemical corrosion of the anode. EGO conductivity is also strongly affected by
the electrolyte’s acidity. We show that well oxidized, yet reasonably conductive, single layer graphene oxide can
be produced from 7.1M acid. These results broaden our understanding of graphite electrochemistry and will serve
to inform future electrochemical graphene synthesis efforts.
1. Introduction

Electrochemical exfoliation is one of a handful of potentially cost-
effective and scalable methods for converting graphite to graphene
[1–7]. As an essentially wet chemical approach, electrochemical methods
have the advantage of being green (avoiding hazardous or energy
intensive processes), using low-cost and readily available precursors, and
allowing for a large degree of functionalization [1].

Although cathodic exfoliation is possible [8,9], oxidation of graphite
anodes in dilute mineral acids or aqueous salt solutions is much more
common [3]. Generally, highly positive potentials are applied to the
graphite, causing intercalation of negatively charged ions and graphite
expansion or exfoliation. The treated graphite can then be sonicated to
single to few layer graphene. This paradigm allows for the synthesis of a
range of functional products, from more pristine, high C/O ratio gra-
phene [10–12] to heavily oxidized, electrochemically produced graph-
ite/graphene oxide (EGO) [1,10,13–24]. For example, Pei et al. [17] and
Cao et al. [13] developed a method where graphite is immersed in
concentrated sulfuric acid, forming a first stage graphite intercalation
Zhong), h.zhao@griffith.edu.au (

ion and hosting by Elsevier B.V. o
compound (GIC); subsequent electrolysis in dilute sulfuric acid or
ammonium sulfate electrolyte lead to rapid exfoliation of graphite oxide
from the electrode. We have also recently demonstrated that flake
graphite can be oxidized in a packed bed electrochemical reactor in a
scalable, cost-effective fashion using 11.6M sulfuric acid and sustained,
low constant current charging [25]. Tian et al. [18] and Gurzęda et al.
[21,22,26–28] have shown that graphite oxide can be produced via a
similar route, varying the type of mineral acid.

This and other recent work has pointed to the electrolyte acidity as a
critical factor which shapes the final graphene product [2]. However, our
understanding of the role of the acid concentration is incomplete. Elec-
trolyte acid concentration has been examined by early work in the 1970s
onward looking at the “overoxidation” of graphite as a function of acid
strength [5,29–32]. This work, however, tended to focus on relatively
concentrated acids (>9M) and the formation of GICs. More diluted acids
were generally not examined, physical properties of the material (e.g.
dispersibility and conductivity) were not assessed, and graphene was not
produced. Studies that have examined more dilute electrolytes (namely
4.6M perchloric acid) have not charged the graphite anodes to
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n behalf of KeAi. This is an open access article under the CC BY-NC-ND license

100

mailto:y.zhong@griffith.edu.au
mailto:h.zhao@griffith.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoms.2019.07.001&domain=pdf
www.sciencedirect.com/science/journal/25899651
www.keaipublishing.com/cn/journals/nano-materials-science/
https://doi.org/10.1016/j.nanoms.2019.07.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.nanoms.2019.07.001
https://doi.org/10.1016/j.nanoms.2019.07.001


Fig. 1. Illustration of the packed bed electrochemical reactor used in this work.
The reactor consists of a glass test tube cut and pressed against a BDD working
electrode and a fitted plastic graphite press that is free to move up and down the
glass shaft as the graphite electrode expands.
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completion [18,33]. On the other hand, there is a breadth of literature
examining the transient response of carbon anodes in dilute (e.g. 1 M)
mineral acids [34–37]. These studies employ in situ techniques such as
AFM/STM [34,36,38] to understand how defects and cracks form on the
carbon surface as charging begins. However, the product of prolonged
oxidation in such dilute acids is not assessed. Pei et al. [17] considered
the acid concentration in the second electrolysis step of the two-step
synthesis previously mentioned. However, their study used a parallel
plate configuration where graphite could easily exfoliate from the elec-
trode. Thus, the results could be explained by this kind of premature
exfoliation effect, as noted by the authors. There is therefore a gap in our
understanding of how prolonged exposure of a graphite anode to dilute
acids affects graphite properties as it relates to graphene oxide
production.

In this study, we address this gap by characterizing in detail EGO
produced from a broad spectrum of sulfuric acid dilutions. In order to get
a clearer idea of the effect of electrolyte acidity, ideally the graphite
should be held in contact with the electrode for a controlled amount of
time. Our recently developed packed bed electrochemical reactor is ideal
for this task [25]. We use this reactor to produce seven different EGO
products using sulfuric acid electrolytes ranging in strength from 2 to
16M. The samples are characterized using X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, conductivity
measurements, and optical microscopy. We find that when the acid
concentration is below approximately 10M, a less crystalline, less
oxidized EGO is formed, relative to the higher acid concentration prod-
ucts. Oxygen evolution at the graphite surface appears to drive the
phenomenon and likely plays a role in catalyzing graphite oxidation. To
place our work in the context of the graphene literature, we show that
EGO with 80% single layer flakes can be exfoliated from the 7.1M (50wt
%) acid. This EGO has a high conductivity for graphite oxide
(~4400 S/m), given its degree of oxidation. This work should not only
further our fundamental understanding of graphite oxidation, but also
provide useful design criteria for future electrochemical graphene syn-
thesis efforts.

2. Materials and method

2.1. Materials

Large, natural flake graphite used for synthesis was used as received
from Sigma Aldrich (Product Number 332461, particle size:þ100 mesh).
Sulfuric acid purchased from ChemSupply (Gillman, SA, Australia) was
diluted with deionized water and used as the electrolyte. A 43 cm 0.25-
mm-diameter platinum wire formed the counter electrode and was
sourced from Goodfellow (Item 850-988-64, Cambridge, UK). The seal
between the glass test tube making up the reactor and the boron-doped
diamond (BDD) electrode was made up of three layers of Parafilm M
(Bemis, Neenah, US) with a 13mmhole punched in the center of the film.
The BDD working electrode consisted of a 100 � 20 � 2 mm (length x
width x thickness) niobium plate coated using CVD with a 12–18 μm
thick polycrystalline BDD film (Diaccon GmBH, Fürth, Germany). The
reactor consisted of the glass test tube as well as 3D printed plastic
flanges used to clamp the tube onto the niobium plate. The flanges were
printed using a Makergear M2 or M3 3D printer (Beachwood, OH, US)
using ABS filament (Verbatim Americas LLC, Charlotte, NC, US) and were
attached to the glass test tube using epoxy resin. The graphite press was
3D printed with semi-transparent 1.75-mm-diameter PVDF filament
(Apium Additive Technologies, Karlsruhe, Germany). All 3D printed
parts were designed in AutoCAD 123DDesign. The separator between the
graphite and the plastic press consisted of three thin, 13.5-mm-diameter
glass fiber membrane discs cut from a larger membrane filter (pore size
0.7 μm, Whatman brand from GE Healthcare, Chicago, CAT No. 1825-
047). Silicon wafers (item ID 785, P/B type, 525 μm thickness, h100i
orientation) used for SEM imaging were sourced from University Wafer
(Boston, USA).
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2.2. Synthesis of EGO samples

The synthesis employed the same apparatus and method described in
detail in our previous work [25]. A schematic of the reactor is shown in
Fig. 1. Essentially, the reactor consists of a glass tube (inner diameter of
14mm) which was pressed and sealed against a BDD plate, the anode.
Note that it is important to use BDD as the working electrode, rather than
a more active material such as platinum. As explored in Lowe et al. [25],
in relatively concentrated mineral acid and at low current densities, the
graphite oxidation voltage falls within the potential window of BDD.
Using BDD thus ensures that most of the applied current flows through
the graphite, rather than the anode substrate.

Flake graphite was poured through the opening at the top of the
reactor, where it formed a packed bed at the bottom. Glass fiber mem-
branes were placed atop the bed, and then the membranes and graphite
were pressed into the BDD plate using a plastic press. The plastic press
was hollow and contained large holes at the bottom to allow easy
diffusion of gas and electrolyte. Inside the plastic press was a coiled
platinum wire counter electrode (33 cm of the wire made up the spring-
like coil), placed approximately 4mm from the top of the graphite bed.
The platinum wire was cleaned before each experiment with sonication
in acetone, brief rinsing with ethanol and water, then with electro-
chemical cleaning in 0.1MH2SO4, which included: þ2.0 v. SCE for 2
min, followed by CV run between�0.23 andþ 1.10 V with a scan rate of
100 mV/s for 20 cycles, stopping at 1.1 V. A 0.5 kg weight was placed
atop the graphite press, ensuring the graphite bed made intimate contact
with the BDD. Electrolyte was then poured into the reactor. The BDD and
platinum wire were connected to a Gamry Interface 1000 potentiostat
(Gamry Instruments, Warminster, PA).

A positive current of 16mA was then applied to the BDD/graphite
electrode. The experiment was monitored to detect when the final
voltage plateau was achieved and the slope had stabilized. The experi-
ment was run until approximately 60 C of additional charge was trans-
ferred after the final slope stabilization point. This 60 C allowance was
made to ensure that the final plateau had indeed been reached. At the end
of the electrolysis, samples were removed from the reactor, rinsed of
excess acid several times with DI water in a vacuum filter cup, and then
stored in DI water in a refrigerator at 4 �C.
2.3. Characterization

Information about the characterization instrumentation is provided
here. For information about the details of sample preparation, see the
101
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Supplementary Information, Section 1. X-ray diffraction (XRD) employed
a Bruker D8 Advance diffractometer, equipped with a graphite mono-
chromator. Thin film samples were scanned in fixed sample illumination
mode (5mm illumination length) at a scan rate of 3�/minute. OriginPro
2018 was used for the peak fitting using a combination of Pseudo-Voigt
and Gaussian-Lorentzian cross product functions.

X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos
Axis ULTRA incorporating a 165mm hemispherical electron energy
analyzer, and data were analyzed using Casa XPS.

Raman spectroscopy was conducted on a Renishaw inVia Raman
Microscope equipped with a 532 nm laser and a 20� objective and 100�
objective (the 100� objective was only used on the single graphite flake
samples). Five measurements were collected for each sample to ensure
the presented spectra were representative. Renishaw Wire 5.0 software
was used for background correction and peak fitting.

SEM was performed on EGO spin coated onto a conductive Si/SiO2
wafer. SEM images were captured using a Joel JSM-7500FA with a
15 keV beam. ImageJ was used for particle size analysis of SEM images.
Atomic force microscopy (AFM) images were captured with a Bruker
Dimension Icon AFM with a ScanAsyst-Air probe operating in ScanAsyst
mode. AFM images were assessed with Bruker Nanoscope Analysis
Software, the height being measured with the depth tool. Optical mi-
croscope images were collected using an Olympus LEXT OLS5000 In-
dustrial Laser Confocal Microscope in non-confocal mode.

A Jandel RM3000 four-point probe system with a linear arrayed head
(probe spacing of 1mm) was used for conductivity measurements, with
roughly 30 measurements taken for each sample at the center and on
both sides of a membrane compressed with 5 ton pressure using a hy-
draulic press. A digital outside micrometer with 1 μm accuracy was used
to measure the sample thickness.

For the yield measurements, one third of the total product of the re-
action was filtered using a vacuum filtration apparatus. The membrane
217
was dried overnight in air at 80 �C. To determine the mass of the sample,
and thus the product yield, the membrane was quickly removed from the
oven and immediately weighed.

For the dispersibility tests, the material was freeze-dried and then
redispersed in dimethylformamide (DMF) at a concentration of 0.1 mg/
mL in a 50mL centrifuge tube. The dispersion was bath sonicated for 1 h
in an ice bath. To measure the concentration of the supernatant after 24 h
sedimentation, almost all of the supernatant (typically around 40mL)
was pipetted up and vacuum filtered onto a pre-weighed 0.22 μm PTFE
membrane (membrane without polypropylene support, Hawach Scien-
tific, Xi’an City, China). The membrane was dried overnight in an 80 �C
oven in air. After drying, the membrane was quickly removed from the
oven and immediately weighed again. The sediment was also weighed in
this manner (i.e. vacuum filtration with overnight oven drying). The
reported mass retained in the supernatant was the mass of the superna-
tant over the mass of the supernatant and the sediment.

3. Results and discussion

Oxidations were carried out in a custom-made packed bed electro-
chemical reactor [25]. In this reactor, a bed of graphite flakes (40mg)
with no binder or adhesive was pressed into a BDD working electrode
with constant pressure (Fig. 1). The reactor has several advantages for
this type of study. First, it ensures almost all of the graphite is in constant
ohmic contact with the power supply. Further, the inactive nature of the
BDD limits side reactions at the working electrode in the potential ranges
under study. Finally, glass walls allow for visual observation of the
graphite and gas evolution from the packed bed.

3.1. Charging curves and yield measurements

The graphite electrodes were charged with a constant current of
Fig. 2. Charging curves and mass gain for all
conditions. (a) Annotated charging curve for
the 7.1M condition. (b) Whole cell voltage as
a function of time (n.b. magnified views in
the Supplementary Information). (c) Time to
completion as a function of acid concentra-
tion. The completion point was operationally
defined as the point where the slope of the
final voltage plateau stabilized (i.e. when the
second derivative approaches zero). (d)
Graphite mass gain (dried product versus
starting graphite) as a function of acid
concentration.
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16mA. The potential versus time curves for each experiment (Fig. 2b;
magnification in Figs. S1 and S2) exhibit three typical regions, corre-
sponding to an induction region, a long potential plateau where oxida-
tion occurs, and finally a rise to a final voltage plateau, as marked on
Fig. 2a. Early work has demonstrated that the initial, rising voltage
period is associated with the formation of a GIC [30,39]. We have shown
that during the oxidation plateau, the packed bed essentially reacts from
the top/bulk solution down [25]. When the reaction front reaches the
Fig. 3. Images of the products and XPS and Raman results for the 2, 7.1, 11.6, and 16
taken when the bed height was at its maximum, before the final voltage rise. A gas bu
photograph (b). (e–h) Optical microscope images of the as-synthesized and water w
spectra with peak deconvolutions. (m–p) Raman spectra (D and G band region) acquir
shows the data for the 2M condition, while the second, third, and fourth columns sh
for the 5, 10, and 14M conditions are shown in the Supplementary Information, Fig
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bottom and the unreacted graphite is used up, the voltage rises to the
final plateau as the predominant reaction switches to water oxidation.

Here, we observe that the reaction time increases as the acid is diluted
(Fig. 2c), as has been previously observed [29]. We attribute this effect to
an increase in water oxidation/oxygen evolution at the graphite surface
during the reaction. As the acid strength is decreased, the potential for
water oxidation also falls and hence associated oxygen evolution in-
creases. Accordingly, we visually observed nearly continuous bubbling
MH2SO4 electrolyte conditions. (a–d) Photographs of the packed graphite beds
bble emerging from the side of the packed bed is marked in the 7.1M condition
ashed graphite oxide flakes drop cast on glass. (i–l) High-resolution C 1s XPS
ed using a 532 nm laser on bulk, freeze-dried material. The first column of Fig. 3
ow data for the 7.1, 11.6, and 16M conditions, respectively. Images and spectra
. S3, Fig. S4, and Fig. S5.
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from the graphite bed at lower acid concentrations (less than or equal to
7.1M; an example of such a gas bubble is highlighted in Fig. 3b). While
bubbles can be seen in the more concentrated acid conditions, the
bubbling rate is much slower. The bubbling at lower acid concentrations
likely accounts for the dramatic bed expansion observed in these con-
ditions (Fig. 3a and b; additional photographs of all acid conditions are
shown in Fig. S3), as bubbles expand the graphite gallery and press up-
ward on the plastic press. The diversion of current away from oxidation
of graphite towards the oxygen evolution reaction (OER) slows the re-
action front and lengthens the reaction time.

The graphite generally gains mass with the addition of oxygen during
the reaction (Fig. 2d). To some extent, the magnitude of this mass in-
crease reflects the degree of oxidation. However, at lower acid concen-
trations, the mass change in fact becomes negative. This may be to do
with carbon dioxide formation, as discussed in the section below on the
mechanism.

3.2. XRD

XRD of the samples after washing and brief sonication shows a pro-
nounced (002) reflection for graphite oxide in all conditions around
11� 0.3� 2θ (Fig. 4; full spectra in Fig. S8). The patterns also include a
multi-component peak around 17–34�. Deconvolution of the peaks
(Fig. 4) reveals that there are at least three components in each of the
samples, which for convenience we label Peaks I, II, and III (full peak
statistics in Table S3). The broad Peak II around ~23� most likely reflects
the interlayer spacing of mildly oxidized, restacked graphene layers
[40–42]. Peak III (~25–26�) is the (002) reflection of graphite. It may
represent pristine unreacted graphite, or, more likely, graphite which has
been reacted to form a GIC and then de-intercalated during workup [43].
There is also a very broad, weak peak around 52� in some of the samples,
which we attribute to the (004) reflection of graphene or graphite.
However, because it is difficult to distinguish from the background, it
was not included in the peak analysis.

There are several trends in the XRD patterns as a function of con-
centration (Fig. 5a). The higher acid concentrations are characterized by
a sharper Peak I, and a less pronounced Peak II. The relatively narrow
FWHM of Peak I (Table S3) for the 10 and 11.6M products, suggests
increased crystallite size or reduced crystallite strain (based on the
Fig. 4. XRD diffraction patterns with peak deconvolutions as a function of electroly
identified, labeled Peaks I, II, and III.
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Scherrer equation).
The lower acid concentrations (2–7.1M) are characterized by a very

broad and intense Peak II around 24.5�, relative to the less intense Peak II
around 22–23� for higher acid concentrations (Fig. 5a). The greater area
for this peak (associated with less oxidized graphene) suggests that the
more dilute acid samples are relatively less oxidized. This is not to say
that these samples are unreacted graphite, however. At lower acid con-
centrations, the area associated with Peak III is very low, and even not
discernible in the 7.1M condition, suggesting most of the graphite has
been converted to an at least partially oxidized form.

3.3. XPS

The XPS components and peak positions (Fig. 3i-l, Fig. S4, and
Table S1) are congruent with those previously reported for graphite
oxide [25,44]. As with the XRD, XPS suggests that the more concentrated
acid products are more oxidized, evident in the lower proportion of sp2

carbon (Fig. 5b). Further, the π-π* peak associated with intact conjugated
structures is only discernible for lower acid concentrations (<10 M). XPS
also shows trends in the types of functional groups. There is a prominent
COOH peak with more dilute acid electrolytes and a less prominent
C–OH peak, suggesting the oxidation mechanism may vary with acid
concentration.

3.4. Raman spectroscopy

Raman spectra acquired on freeze-dried, bulk material were decon-
voluted into 4 peaks using the graphene oxide (GO) fitting strategy
described by Claramunt et al. [45] (Fig. 3m-p; full spectra and fitting
details are in Fig. S5 and Table S2). This resulted in four fitted peaks, D,
D”, G, and D’. In their GO synthesized from carbon nanofibers, Claramunt
et al. observed a D* mode around 1150-1200 cm�1 associated with
disordered graphitic lattices, a peak initially reported for soot [46].
However, this mode was not later observed in GO chemically synthesized
from natural flake graphite [47], nor was it observed here.

Although the precise origin of the defect-related peaks has not been
completely resolved, they can be activated by oxygen functionalization
[48]. Raman analysis of both graphitic and amorphous carbon shows the
D00 mode is also activated by the presence of amorphous phases and
te sulfuric acid concentration. In all but the 7.1M condition, three peaks can be
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Fig. 5. Quantitative trends in the XRD, XPS, and Raman results as a function of
electrolyte sulfuric acid concentration. (a) The area of XRD Peaks I and II shown
in Fig. 4 as a percentage of the total area of all of the fitted peaks. (b) The atomic
percentage of sp2 carbon and COOH and OH functionalized carbon from the XPS
peak fitting. (c) The fitted D peak to G peak intensity ratios (I(D)/G)) and D”/G
peak intensity ratios (I(D00)/I(G)) based on the fittings shown in Fig. 3.
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reduced crystallinity [46,49,50]. Specifically, D00 has been
well-correlated to decreases in the crystallite size (La), as measured using
the XRD (100) reflection [45]. The reduced crystallinity suggested by the
prominent D” mode for lower acid concentrations (Fig. 5c) is consistent
with the broad XRD Peaks I and II we observed for those samples. We
further see a decreasing trend with acidity in the fitted ID/IG ratio
(Fig. 5c). Claramunt has found the fitted ID/IG ratio is also inversely
proportional to La [45]. D0 may also be related to crystal defect-induced
phonon modes [51,52]. While the relationship between D0 and acid
concentration in our samples is more complex, the intensity of D’ tends to
be higher with decreased acid strength (Fig. S6).
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These structural defects likely emerge from OER-related processes
associated with dilute acids. Previous work has shown structural defects
can emerge during oxidation in dilute acids. For example, graphite
anodically exfoliated in 0.1M ammonium sulfate at high voltage exhibits
surface roughness, hole defects, and tears [53]. Likewise, the surface of
HOPG shows blistering and cracks during lower voltage oxidation in
dilute acids [34,54]. These processes are attributed to intercalation and
gas formation. Similar processes likely occur here in the very dilute acid
concentrations, leading to the elevated levels of defects.

3.5. Optical microscopy on graphite oxide flakes

After water washing, the graphite oxide solutions were drop cast onto
glass slides and allowed to dry overnight. At the highest magnification,
all the EGO samples are multicolored mosaics (examples provided in
Figs. S11, S12, and S13). However, at lower magnifications, these colors
can blend together to produce the dull brown colors observed in Fig. 3e–h
and Figs. S9–S10.

GO is an inherently multicolored material. Colors are generated from
islands of conjugate, aromatic domains (chromophores) which remain
after the graphite basal plane has been oxygen functionalized or suffers
from hole defects [55]. Different colors can be generated by the size of
these islands and the presence of different oxygen functional groups
(substituent effects), and observed colors are combinations of colors from
multiple, overlapping sheets.

In this case, it does not appear that different colors within a given
sample indicate fundamentally different materials. Raman spectroscopy
performed on multiple, differently colored areas produces identical
spectra (Fig. S7). This may be because structures that generate the colors
do not change the Raman spectra or because each spectrum represents a
statistical average of many different overlapping sheets.

The dilute acid conditions clearly have a greater fraction of light-
colored graphite oxide. We presume that lighter colors can be observed
when the graphite is partially exfoliated (otherwise, many stacked layers
would create a brown color, as discussed). The physical expansion of the
dilute acid graphite oxides (Fig. 3a and b) and their more amorphous
structure likely render these samples more susceptible to self-exfoliation
during water washing.

3.6. Dispersibility and conductivity

The stability in solution was measured by freeze-drying then redis-
persing the EGO in DMF at 0.1mg/mL using 1 h bath sonication. After
24 h sedimentation, the fraction of the initial suspended material
remaining in the supernatant was measured by filtering and weighing the
supernatant and sediment. The solution stability of the products showed
a negative parabolic trend with respect to concentration, with the 11.6M
acid producing the most stable EGO (Fig. 6a). The 11.6M acid EGO is
most dispersible presumably because of its high degree of oxygen func-
tionalization. Interestingly, the 5 and 7.1M samples were more stable
than the 14 and 16M samples, despite having a higher fraction of sp2

carbon (Fig. 5b). We expect that increased ionizable COOH groups, as
well as the in situ expansion discussed above, aided exfoliation of the
lower acid products. Indeed, during sonication, the lower acid samples
(<11.6M) begin dispersing within seconds of immersion into the sonic
bath, such that no graphite particles were visible after ~2min. The more
concentrated acid samples remained mostly as swollen graphite oxide
particles for several minutes before eventually exfoliating.

The conductivity of thick (approximately 20 μm) vacuum filtered
membranes was measured using a four-point probe (Fig. 6b). The trends
in conductivity can be explained with reference to the degree of oxida-
tion. The 11.6M acid sample is the least conducting, consistent with it
being most oxidized. Further, the trends in conductivity follow the trends
in the sp2 carbon content measured by XPS, reflective of the fact that
electron transport relies on intact conjugated domains. The 7.1M EGO
was most conductive (4430 S/m). We believe 7.1M acid is optimal for
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Fig. 6. Physical properties of the graphite oxides. (a) Mass retained in the su-
pernatant (initial concentration¼ 0.1 mg/mL in DMF) after 1 h sonication fol-
lowed by 24 h sedimentation. (b) Mean conductivity of thick EGO films
measured using a four-point probe (error bars represent the interquartile range).
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conductivity because it avoids both the heavy oxidation associated with
stronger acids and the damage to the carbon lattice associated with very
dilute acids (mechanisms for which are discussed below).
3.7. Mechanism of oxidation and defect formation

To understand the trends in oxidation, we note that the degree of
oxidation is a function of the availability of oxidants in the bulk solution,
their reactivity, and their ability to diffuse into the graphite gallery. The
oxidants in this case are water or reactive oxygen species (ROS) derived
from water [17]. One possible oxidation mechanism involves an
electrochemically-catalyzed attack by hydroxide ions on the positively
charged carbon lattice, leading to hydroxylation [29]. The ability of
water to oxidize the graphite of course requires its effective diffusion
throughout graphite flakes. The diffusion of oxidants is in part controlled
by the ability of the electrolyte to intercalate graphite [37]. Oxidation is
optimal in electrolytes which have both a strong capacity for intercala-
tion (i.e. high acid concentrations [30]) but also sufficient water content
to promote oxidation (more water being present in dilute acids). The
11.6M condition appears to optimize this balance. At concentrations
much lower than 11.6M, water oxidation, rather than intercalation,
becomes thermodynamically favorable. At concentrations higher than
11.6M, intercalation is most efficient [30], but water available for
co-intercalation and oxidation is reduced.

While the above mechanism has been previously outlined [25], we
further suggest that differential oxygen evolution can help explain the
observed trends in crystallinity. At higher acidities (>7.1M), the
graphite forms a stable, crystalline H2SO4-GIC, which is oxidized pre-
sumably via hydroxide attack [25]. This process is relatively mild and
less destructive towards the carbon lattice. The low acid conditions, on
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the other hand, are marked by significant and prolonged water bubbling.
These bubbles cause the dramatic in situ graphite expansion, which me-
chanically strains the lattice, contributing to defects observed in the
Raman spectra.

The above model, however, does not fully explain the clear down-
ward trend in the graphite mass gain as the acid concentration is lowered
(Fig. 2d). The graphite oxidized in 2M acid actually experiences a slight
mass loss of ~2%. Pei et al. also observed approximately 4% weight loss
after their two-step oxidation process. This cannot be explained in terms
of reduced oxidation, given that these samples are all reasonably well
oxidized. We believe the mass loss is a consequence of carbon corrosion,
which can occur via CO2 gas formation and/or dissolution of the graphite
into soluble small molecules. The anodic dissolution of carbon electrodes
in acidic media is well known [56–58]; it has recently been studied for
graphite anodes in conditions comparable to ours in the context of
electrochemical advanced oxidation processes [59]. The mechanism for
this reaction is [58,60]:

C þ H2O → C–Oad þ 2Hþ þ 2e�

C–Oad þ H2O → CO2 þ 2Hþ þ 2e�

Where Oad refers to adsorbed oxygen species. Although the thermo-
dynamic potential for this reaction is only 0.207 V vs. SHE, the reaction
has a very high overpotential [60]. However, above around 1.65 V (the
potential at which OER begins in earnest on graphite), significant carbon
corrosion may be observed [56]. This reaction appears to be mediated by
ROS generated during OER [56,57], namely adsorbed *OH, *O and
*OOH. Yang et al. [56] have proposed a model where atomic oxygen
initially hydroxylates aromatic rings, groups which are then (possibly
electrochemically) converted to carbonyls and carboxylic acids. Finally,
neighboring carbonyls or carboxylic acids are converted to carbon di-
oxide. The elevated levels of carboxylic acids we observed in the low acid
concentration conditions may enable CO2-formation via this decarbox-
ylation pathway. OER-mediated CO2 formation at lower acid concen-
trations can create edges and hole defects which would help explain the
defect-induced Raman modes observed in the dilute acid samples. Such
defects could also explain the downward trend in conductivity as the acid
concentration is reduced from 7.1M. Given the carbon corrosion re-
actions rely on a chemical oxidation of graphite by ROS, the findings
suggests graphite oxygen-addition is in fact a combination of electro-
chemical and chemical oxidation processes.

3.8. AFM and SEM

In addition to improving fundamental understanding of graphite
oxidation, our findings can inform future synthesis of graphene oxide
using the electrochemical method. To illustrate this, we exfoliated and
analyzed the 7.1M product. The 7.1M EGO appears promising in that it
has good conductivity, complete reaction from the starting graphite
(according to the XRD), a reasonably high yield and solution stability,
and it can rapidly disperse in polar solvents. The 7.1M graphite oxide
pellets were exfoliated in DMF by two rounds of sonication (10min) and
low-speed shear mixing (10min) in sequence. Optical microscopy of the
EGO spin coated onto mica (Fig. S14) reveals a mixture of large, thick
flakes, up to ~18 μm in diameter, as well as much smaller particles. AFM
(Fig. 7a and c) and SEM (Fig. 7b and d) reveal most flakes are smaller
(mean of 1.35 μm) and the vast majority (81%) are single layer. The
single-layer sheets had a measured thickness of 1.7–2 nm, consistent with
well-oxidized GO. Note the actual thickness is likely somewhat thinner,
given that factors such as the cantilever force and residual solvent un-
derneath the flakes can alter the measured height [61]. Regardless, these
results show that predominantly few layer graphene oxide can be pro-
duced with more dilute acid. Compared to our previously reported EGO
using 11.6M acid [25], this EGO has the advantage of being orders of
magnitude more conductive in its as-prepared state, and it demands
milder synthesis conditions. The conductivity appears to be greater than
106



Fig. 7. 2D materials characterization for EGO synthesized in 7.1M sulfuric acid. (a) AFM image of EGO spin coated on mica. (b) SEM image of EGO drop cast on Si/
SiO2. (c) Layer thickness distribution derived from AFM analysis of 124 flakes. (d) Lateral size distribution derived from SEM analysis of 169 flakes.
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other reported forms of EGO [13,17,23], despite similar oxygen contents
(~22.5% oxygen, according to the XPS survey spectrum).

4. Conclusion

In this study, we provide the first comprehensive analysis of graphite
oxidation in a mineral acid electrolyte ranging in concentration from
very dilute to very concentrated. Broadly, there are two qualitatively
different EGO-forming regimes associated with low or high acid con-
centration. The low acid regime (less than or equal to 7.1MH2SO4) is
characterized by prolonged and elevated levels of oxygen evolution on
the graphite electrode. Evolved oxygen most likely plays a role in
oxidizing the carbon backbone, promoting CO2 evolution, and mechan-
ically straining the carbon lattice. This leads to a more amorphous
graphite structure. Higher acid concentrations favor more thorough
intercalation and oxidation by water, as well as maintenance of crystal-
linity. Interesting trends in conductivity were observed, with the 7.1M
electrolyte producing a relatively conductive yet well oxidized few-layer
graphene product. The balance between intercalation and water elec-
trolysis can in part explain the structural and compositional differences
among samples. These results should help future optimization of the
oxidation level, solution stability, conductivity, and other structural/
chemical parameters of EGO. This can allow EGO properties to be
matched to particular applications (e.g. more conductive graphene can
be produced for conductive nanofillers applications). More generally, the
findings here can help explain the mechanism and consequences of
intercalation and OER in aqueous anodic graphite electrochemistry.
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1. Extended experimental details 

Additional details about how the EGO was prepared for each characterization technique are provided 

here. 

XRD. To prepare the GO products for XRD characterization, samples were cast into vacuum filtered 

membranes. A small milligram-scale amount of the product was sonicated in water for approximately 

20 minutes. The solution was used to form a membrane via vacuum filtration. A 12.7-mm-diameter 

disk, cut from the membrane, was adhered to a flat, zero background silicon wafer. The adhesion was 

accomplished by dropping a small, concentrated amount of the previously sonicated product onto the 

wafer, placing the membrane on top of the droplet, and allowing it to dry in ambient conditions.  

XPS. For XPS, the graphite oxide was further washed in the following manner. Firstly, a small, ~5-10 

mg sample of the previously rinsed graphite oxide in water was sonicated for 15 minutes to facilitate 

acid removal and partial exfoliation of the EGO. The material was vacuum filtered through a 0.22 µm 

nylon 40-mm-diameter filter. The filter with the EGO was then sonicated in roughly 30 mL of deionized 

water for 1 minute to re-disperse the EGO and remove it from the filter. This process of filtering and 

sonicating for 1 minute was repeated for a total of 3 times to fully wash the EGO. After the final 
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filtration, the EGO was scraped from the membrane filter using a spatula and applied to a glass XPS 

substrate. The mud-like EGO was allowed to dry overnight before XPS analysis. The mixing via 

sonication and sample casting method ensured that a representative, random sample of the material was 

irradiated by the XPS beam. 

Raman spectroscopy. A small sample of the pre-rinsed graphite oxide and water was sonicated for 20 

minutes, and then freeze-dried. The freeze-dried material was flattened using two glass slides and then 

assessed under the Raman microscope. 

Conductivity tests. Roughly 4 mg of graphite oxide was sonicated for 20 minutes in water, then 

vacuum filtered onto a 20 mm 0.1 µm MCE membrane filter (A-Fit Biosciences, Beijing). The film was 

allowed to dry at room temperature in air overnight before being removed from the membrane filter. A 

9.5 mm disc was punched from the membrane and compressed in a 13 mm die press using a hydraulic 

press with 5 tons force for 5 seconds. This compression was performed to remove void spaces inside 

the membrane and ensure reliable, reproducible measurements. 

SEM and AFM. A small amount equaling ~2 mg of the 7.1 M graphite oxide solution was pipetted up, 

and then transferred to a vacuum filter cup with a PTFE membrane, where it was rinsed with water, 

then DMF. The product was transferred to a polypropylene bottle and sonicated for 1 minute in ~30 mL 

of DMF to ensure thorough mixing. This solution was again vacuum filtered and rinsed with DMF in 

the filter cup. After this washing procedure, the EGO was again resuspended in DMF, this time to a 

concentration of 0.1 mg/mL. The solution was first bath sonicated for 10 minutes (using a Branson 

Model 1800 sonicator), then high shear mixed in an ice bath at 1200 rpm using a (WN)AD500S-H 12G 

mixer with 12-mm-diameter mixing head (Worner Lab, Shaoxing, China). The sonication and shear 

mixing step was repeated for a total of two cycles, 20 minutes/cycle. 

For SEM imaging, small (~5 mm2) Si/SiO2 wafers were cleaned using acid piranha solution. The EGO 

dispersion was drop cast onto the wafer and allowed to dry at room temperature overnight. 

For AFM, the dispersion was spin coated three times onto a freshly cleaved mica substrate using a 

Laurell WS-650-23B spin coater. 
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2. Charging curves 

 

Figure S1. Expanded view of the charging curves presented in the main text.  

 

 

Figure S2. Magnified view of the charging curves during the first 20 minutes of the reaction. The initial 

rising voltage ramp occurs at higher voltages with more dilute acids, reflecting how the potential for 

intercalation is a function of acid concentration (provided the platinum counter electrode can serve as a 

pseudo-reference in this case).  
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Figure S3. Photographs of the packed graphite beds with sulfuric acid electrolytes of varying 

concentration (2 M to 16 M). Photographs were taken when the bed height was at its maximum, before 

the final voltage rise. 
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3. XPS data 

 

Figure S4. High-resolution C 1s XPS spectra for all acid concentration conditions. 
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Table S1. XPS deconvolution peak statistics. 
 

C=C C-O, C-O-C C=O COOH π-π* 

Acid 
Conc. 

Center 
(eV) 

Area 
(%) 

Center 
(eV) 

Area 
(%) 

Center 
(eV) 

Area 
(%) 

Center 
(eV) 

Area 
(%) 

Center 
(eV) 

Area 
(%) 

2 M 284.6 57.9 286.8 33.7 287.8 4.0 288.8 3.8 290.3 0.6 
5 M 284.6 60.8 286.9 31.4 287.8 3.0 288.8 4.4 290.3 0.5 
7.1 M 284.6 60.6 286.8 31.5 288.0 2.6 288.8 4.7 290.2 0.6 
10 M 284.5 56.1 286.6 39.7 288.0 2.0 288.8 2.2   

11.6 M 284.5 54.1 286.6 42.3 287.9 2.9 289.0 0.6   

14 M 284.5 56.3 286.7 40.8 288.2 2.2 289.2 0.9   

16 M 284.5 56.4 286.7 39.1 288.1 3.1 289.0 1.4   
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4. Raman data 

 

Figure S5. Raman spectra for all acid concentration conditions. Spectra were acquired using a 532 nm 

laser on bulk, freeze-dried material. 

115



S-8 
 

 

Figure S6. The ratio of the intensity of the D’ to G peaks as a function of acid concentration. 

Table S2. Raman curve fitting details. 

Electrolyte 

acid 

concentration 

Curve 

Peak 

center 

(cm-1) 

Full width at 

half 

maximum 

(cm-1) 

Peak 

intensity 

(arbitrary 

units) 

Area 

(arbitrary 

units) 

2 M 

D 1349.8 99.3 3226 471736 

D" 1523.5 140.0 860 128162 

G 1583.0 64.4 2049 158696 

D' 1611.0 43.2 1273 58617 

5 M 

D 1349.7 94.2 3213 281 

D" 1514.2 168.5 637 424560 

G 1583.1 63.3 2103 114245 

D' 1611.0 38.6 1650 153352 

7.4 M 

D 1349.5 100.7 5139 67804 

D" 1510.9 163.7 1167 717928 

G 1583.0 68.4 3419 203455 

D' 1611.0 41.8 2549 267575 

10 M 

D 1346.1 85.4 2483 113464 

D" 1520.8 145.2 416 307022 

G 1586.3 55.4 1783 64240 

D' 1610.0 39.8 841 127471 

11.6 M 

D 1342.1 100.1 7999 35648 

D" 1503.5 156.2 1706 1103880 

G 1583.0 66.2 6578 283727 
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D' 1605.0 32.5 2402 463650 

14 M 

D 1343.2 90.6 15811 83049 

D" 1499.0 168.7 2692 1787540 

G 1583.6 59.7 13393 483303 

D' 1607.0 31.6 6020 851351 

16 M 

D 1351.7 85.3 3241 202528 

D" 1499.0 170.0 401 388815 

G 1589.3 60.8 2717 72483 

D' 1614.3 29.3 2043 211602 
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Figure S7. Raman spectra on two isolated, multi-colored graphite oxide flakes. Spectra were acquired 

at spots with different colors (a). However, regardless of the color, the spectra were identical, as evident 

when the four curves are overlapped (b, c). 
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5. XRD data 

 

Figure S8. Full XRD diffraction patterns for all sulfuric acid electrolyte conditions. 
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Table S3. XRD deconvolution peak statistics. 

 Peak I Peak II Peak III  

Electro-
lyte 
Acid 
Conc. 

Center 
(° 2θ) 

FWHM 
(° 2θ) 

Area* 
(%) 

Center 
(° 2θ) 

FWHM 
(° 2θ) 

Area* 
(%) 

Center 
(° 2θ) 

FWHM 
(° 2θ) 

Area* 
(%) 

Peak I  
Area/(Peaks 

II and II 
area) ratio 

2 M 11.1 3.1 51% 24.8 6.2 44% 26.0 1.4 5% 1.05 

5 M 11.3 2.7 45% 24.2 5.0 44% 26.5 8.5 11% 0.82 

7.1 M 10.9 2.3 47% 24.4 5.5 53%    0.89 

10 M 11.2 1.4 48% 23.1 4.6 21% 26.0 3.0 31% 0.92 

11.6 M 11.0 1.4 74% 22.2 3.0 17% 25.1 4.1 9% 2.80 
14 M 11.2 2.1 65% 23.0 4.4 22% 26.3 3.6 13% 1.89 
16 M 10.8 1.9 64% 22.2 2.4 10% 24.8 3.7 26% 1.75 

* Area represents the integrated peak area as a proportion of the area of all the peaks. 
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6. Optical microscopy  

 

Figure S9. Optical microscope images of flake graphite and pre-sonication graphite oxide flakes (2-10 

M conditions) drop cast on glass, imaged on a white paper background.  
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Figure S10. Optical microscope images of pre-sonication graphite oxide flakes (11.6-16 M conditions) 

drop cast on glass, imaged on a white paper background.  
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Figure S11. Optical microscope images with increasing magnification of a brown-colored (at low 

magnification) graphite oxide flake produced using 11.6 M sulfuric acid. 
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Figure S12. Optical microscope images with increasing magnification of a dark brown-colored (at low 

magnification) graphite oxide flake produced using 16 M sulfuric acid. 

 

124



S-17 
 

 

Figure S13. Optical microscope images with increasing magnification of the 7.1 M acid-derived product 

showing the colorful mosaic visible at high magnification.  
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Figure S14. Optical microscope image of the 7.1 M acid-derived product dispersed in DMF then spin 

coated onto a freshly cleaved mica substrate. Note that only larger and many-layer flakes will be visible 

at this magnification and on this substrate. AFM/SEM reveals that the ostensibly blank areas are in fact 

coated with a high density of single-layer flakes. 
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 Oxidation of Expanded Graphite in an 

Irrigated Packed Bed Electrochemical Reactor 

for the Scalable, Low-voltage Synthesis of 

Dispersible EGO 
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4.1 Introduction 

In the previous two chapters, we demonstrated the utility of the packed bed 

electrochemical reactor for the anodic oxidation of flake graphite to graphite oxide 

for graphene synthesis. The method has a high product to starting graphite yield 

and can produce new types of electrochemical graphene oxide (EGO) with tuneable 

levels of oxidation and crystallinity. However, the method is limited in two notable 

ways. Firstly, although the product can be fully dispersed in polar organic solvents 

over short timescales, the product will sediment after a few hours standing. 

Secondly, solution diffusion throughout the packed bed appears to be poor. If the 

bed is too thick, the bottom portion, farthest from the bulk solution, fails to react. 

This impacts on the scalability of the packed bed in the vertical direction. In this 

chapter, we address these challenges. 

Although the reason for the limited dispersibility is not obvious, one possible 

explanation is that graphite flakes are not being fully oxidised. We routinely use 

very large diameter (250-500 µm) flake graphite. Their lateral size and compact, 

crystalline nature might hinder diffusion of oxidants throughout the flakes, such 

that the flakes get well oxidised at their periphery but less so in their centres. This 

could be addressed by expanding the graphite gallery to allow easier diffusion of 

oxidants throughout the graphite. Such expansion could be achieved by using 

expanded graphite (EG). EG is flake graphite that has been treated with 

acid/oxidants to form a graphite intercalation compound (GIC), washed with 

water, dried, and then thermally treated at high temperatures. Remaining sulphur 

species in the GIC form gaseous sulphur dioxide, leading to a rapid and violent 

expansion of the graphite gallery as the gas escapes [1-3]. Positive results with EG 
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have been reported for the chemical oxidation method [4]. While EG in its raw 

form has not been used in the electrochemical method, investigators routinely use 

graphite foil to good effect [5-10]. Graphite foil is produced by compressing EG into 

a thin (typically 0.5 mm thick) flexible sheet [2].  

The second issue under consideration relates to electrolyte diffusion throughout 

the packed bed. Poor solution diffusion is a key challenge associated with 

electrochemical packed beds reactors in general [11, 12]. While there are some 

strategies to address this issue (e.g. mixing in ionically conductive resin beads into 

a packed bed [11]) none of them fully accommodate the unique constraints of EGO 

formation (e.g. dramatic bed expansion, the bed becoming electrically insulating 

over the course of the reaction, and the need to remove the packed bed from the 

reactor at the end).  

In this chapter, we explore both the use of EG and the concept of engineering 

diffusion channels in the packed bed to enhance electrolyte diffusion. We find that 

using EG leads to superior oxidation, compared to flake graphite, and ultimately 

enhanced dispersibility. We further show that the problem of solution diffusion is 

solved by using bulk diffusion channels (an irrigation system, in a sense). By 

optimising the reaction in this way, EGO which is stable in a green solvent (a 50% 

water/ethanol mixture), yet more conductive than chemically derived GO, is 

produced. 

4.2 Results and discussion 
Graphite was oxidised in the packed bed reactor we developed previously [13]. In 

brief, the reactor consists of a packed bed of graphite particles that are pressed 

into a metal electrode attached to a potentiostat. An 11.6 M sulfuric acid electrolyte 



130 
 

was used for all conditions in this study, as we previously showed in Chapters 2 

and 3 that this electrolyte was optimal for oxygen addition. 

The reactor configurations used are shown in Figure 4.1. A unique benefit of this 

type of packed bed reactor is that it can accept a wide range of graphite precursors 

as reactants. Therefore, for the first time, we are able to test oxidation of EG, not in 

its compressed foil form. 

In this chapter, we will first examine the effect of using EG versus flake graphite. 

Subsequently, the effect of irrigating the packed bed with diffusion channels will be 

considered. 

 
Figure 4.1. Illustration of the packed bed electrochemical reactors used in the 

current study. Flake graphite was oxidised in a conventional packed bed reactor 

(left-hand side panel), for comparison with previous work. EG was oxidised in both 

the conventional reactor (middle panel), as well as a novel reactor with a solution 

diffusion channel (right hand side panel showing a cross-sectional view). 
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4.2.1 The effect of expanded versus flake graphite 

160 mg of natural flake graphite or microwave-expanded EG were oxidised with a 

low constant current of 16 mA. The charging curve, XRD, XPS and Raman (Figure 

4.2) and mass yield information (Table S4-1) suggest that the flake graphite 

experiment is similar to our previous flake graphite oxidations in 11.6 M H2SO4. 

The EG-derived EGO, however, appears to be more oxidised. 

4.2.1.1 Enhanced oxidation with EG 

The most direct evidence for this enhanced oxidation comes from XPS (Figure 4.2b; 

survey spectra results shown in Figure S4-5 and Table S4-3). The XPS spectra are 

qualitatively similar to those we previously reported for this type of EGO [13]. The 

sp2 carbon from XPS deconvolution (284.5 eV) was 48.93% for EG, but 50.4% for 

flake graphite (full deconvolution results for EGO are shown in Table 2). EG has 

significantly more hydroxide or epoxide groups (49.51% for EG v. 46.74% for flake 

graphite) based on the 286.5 eV peak. The two samples had similar levels of C=O 

groups (2.3% for flake graphite v. 1.51% for EG), and both had minute levels of 

COOH (0.48% for flake graphite, 0.05% for EG).  
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Figure 4.2. Comparison between flake graphite and EG. (a) Charging curves for the 

two experiments. Note that the charging curve for EG continues to 12 V, but for 

clarity, the 1-6.5 V region has been magnified. The full charging curve can be 

viewed in Figure S4-1. (b) XPS high-resolution C 1s spectra with peak 

deconvolutions. (c) XRD patterns showing the 5° to 32° region. Full diffraction 

patterns to 80° are shown in Figure S4-2. (d) Raman spectra. (e) Magnified and 

overlaid Raman D and G peaks. 
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XRD (Figure 4.2c) also supports the hypothesis that the EG graphite bed was more 

effectively oxidised. Both products contain the characteristic EGO peak around 11°, 

the mildly oxidised graphene peak around 22°, and the residual graphite/de-

intercalated GIC peak around 26.4° (peaks previously observed in Chapters 2 and 

3). However, clearly the flake graphite-derived EGO has a more pronounced 26.4° 

peak, suggesting it has a higher proportion of poorly oxidised graphite. The smaller 

full width at half maximum (FWHM) for EG may indicate a larger crystallite size 

along the c-axis or additional lattice strain. 

Raman spectroscopy for the two materials does not distinguish between them, and 

the critical D and G peaks overlap (Figure 4.2e). This suggests that the materials 

are structurally similar. Slight differences in the extent of oxidation apparently do 

not change the Raman activity in this case.  

Enhanced oxidation associated with EG may in part be due to improved intra-flake 

diffusion of oxidants. Electrochemical intercalation [14, 15] and oxidation [16, 17] 

of graphite is thought to move from the flake edges inward. Large flakes are 

difficult to oxidise fully because of the lengthy diffusion path from the edge to the 

centre of the flakes. This is analogous to the chemical oxidation of graphite, where 

large flakes are difficult to oxidise relative to powder graphite [18]. EG is easier to 

oxidise chemically, and we believe, electrochemically. This is in part because the 

graphite gallery spacing has been increased during the expansion process. XRD of 

the flake and EG precursors (Figure 4.3) shows the (002) reflection position moves 

to slightly lower angles with EG, indicating larger d-spacing. 

Another potential reason for increased oxidation of EG is that the starting material 

itself is more oxidised, as revealed by XPS of the precursors (Figure S4-3, Figure 
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S4-4, Table S4-2). Due to the EG preparation method, the EG starting material has 

an oxygen percent of 5.34%, compared to flake graphite’s 1.63%. Increased oxygen 

content would facilitate wetting of the graphite during the reaction. Moreover, 

some of the starting oxygen will presumably remain at the end of reaction. The 

oxidation of EG can therefore be thought of as a combined chemical and 

electrochemical process when considering both the GIC-forming pre-treatment 

and electrochemical reaction. 

 
Figure 4.3. XRD of the flake graphite (a) and EG (b) starting materials. (c) 

Magnification of the (002) reflection, with both graphite types overlaid. 

4.2.1.2 Differences in the charging process between EG and flake graphite 

Visual observation of the graphite beds during the reaction reveals dramatic 

differences. The flake graphite bed expands to several times its initial volume 

throughout the reaction (Figure 4.4). The EG packed bed height, however, remains 
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relatively constant throughout the reaction (Figure 4.5), and in fact, slightly falls. It 

appears that once the graphite has been thermally expanded, additional 

electrochemical charging cannot bring about further expansion under the pressure 

of the graphite press. In both cases, the reaction appears to proceed from the bulk 

solution, at the top of the reactor, downward. With the EG bed, in fact, the reaction 

front can be clearly observed. The graphite bed starts off as a dark grey colour, and 

as the reaction proceeds, the bed turns black. The fraction of converted graphite is 

proportional to the total reaction time/charge transferred. 

The charging curves for the two materials (Figure 4.2a) reflects this differences in 

the bed morphology. The oxidation stretch for flake graphite between ~1-10 hours 

is associated with slowly increasing voltage, and the rate of increase accelerates 

towards the end of the reaction. The EG voltage, however, increases at an almost 

linear rate from start to finish. The voltage rise in both cases is partly a result of 

increased solution diffusion resistance. Towards the end of the reaction, when the 

reaction front has reached the bottom, solution must diffuse from the top of the 

bed to the bottom, creating a voltage drop. 

In the case of EG, there is significant resistance to solution diffusion due to limited 

bed porosity. In order to create the packed bed, initially EG is compressed to an 

arbitrary level. EG strands fill most of the void space upon compression. This is 

apparent when electrolyte is first added to the reactor; only the top ~5 mm are 

immediately wetted (based on visual inspection). After this, it takes roughly 30 

minutes for the electrolyte to diffuse slowly throughout the entire bed. 

In the case of flake graphite, however, graphite flakes do not fully fill the void space 

in the packed bed. Because the porosity of the bed is significantly greater, the 
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electrolyte more easily diffuses. The final voltage rise at the end is due to a 

combination of dwindling unreacted graphite as well as the oxygen evolution 

reaction (OER) generating gas bubbles which themselves hinder solution diffusion 

 
Figure 4.4. The 160 mg Flake Graphite experiment before and after the reaction. 

 

 
Figure 4.5. Images of the 160 mg, EG (no irrigation) experiment showing how the 

reaction front can be observed moving from top to bottom as a function of time. 



137 
 

4.2.2 Bed compression with EG and the origin of potential oscillations 

A clear difference between the flake graphite and EG experiments is that the flake 

graphite bed is much more compact than the EG one. To control for this variable, 

we tested different levels of bed compression. At the start of these experiments, 

the EG bed was compressed until it reached a desired height: baseline compression 

(bed height of ~20 mm; i.e., the experiment discussed above), compression to 50% 

of the baseline height (referred to as “50% compression”), and a maximal 

compression condition (~6 mm height), where the graphite bed was pushed down 

with as much hand force as possible using the plastic graphite press. All other 

variables were held constant. 

These experiments produced the results of Figure 4.6. The compression series 

highlights the significance of solution diffusion throughout the bed. When the bed 

is compressed, the porosity significantly decreases. As a result, parts of the bed or 

individual flakes can become blocked off from the electrolyte. Given the increased 

ionic diffusion resistance, the voltage rises more quickly, as evident in Figure 4.6a. 

This effect is most pronounced in the maximal compression condition. At the end 

of this reaction, the bottom of the cake is in fact dull grey (Figure 4.6c), while the 

top of the cake has been converted to the black graphite oxide material. Raman 

spectra acquired directly on the maximal compression cake in the electrolyte 

(Figure 4.6d) reveal that the top material contains EGO’s characteristic D band 

around 1359 cm-1, along with the G band around 1610 cm-1. The bottom of the cake 

appears to be a higher stage sulfuric acid GIC [19], confirming our previous finding 

that the packed bed is first converted to a GIC before further conversion to EGO 

[13]. 
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XRD on the baseline and 50% compression conditions (Figure 4.6b) suggests the 

materials are similar. However, yield measurements show the starting materials in 

the 50% compression condition increased in mass by only 38%, while the baseline 

condition saw an 82% mass increase. This suggests that the oxidation of the 

baseline condition was more complete. Thus, as a guideline, limiting bed 

compression appears to be desirable, so long as the bed is compressed enough to 

ensure good electrical conductivity throughout. 

Interestingly, significant potential oscillations are observed when using EG, but 

compressing the bed appears to significantly reduce their amplitude. It has been 

theorised that the potential oscillations are a result of electrolyte diffusing through 

individual graphite flake galleries [16, 17]. Supposedly, at a given zone within the 

graphite flake, space-filling, hydrogen-bonding OH groups are first formed which 

limit electrolyte diffusion, increasing the potential. When those OH groups are 

converted to carbonyl groups, the hydrogen bonding network is broken up and 

electrolyte can more easily flow inside the flake, reducing the potential. Our results 

here do not appear to support this theory. Firstly, compression should not impact 

intraflake diffusion-controlled processes because the d-spacing should be 

unchanged. Secondly, for this theory to hold, there should be an abundance of 

carbonyl groups ultimately produced. Our XPS results do not show a great deal of 

carbonyl groups in any sample.  

Rather, we suspect that the potential oscillations are caused by the reaction front 

encountering hydrophobic graphite/GIC particles. When the hydrophobic graphite 

is first encountered at a given cross-section of the bed, the potential is high. As the 

edges of graphite particles are oxidised and wetted, the available surface area for 
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reaction increases and the local potential drops. When the reaction front moves 

down to the next cross-section of the packed bed, it again encounters hydrophobic 

graphite/GIC, and the potential rises. This perpetual wetting process leads to the 

potential oscillations.  

The observed potential oscillations represent a statistical average of all flakes at a 

given cross-section of the bed where the reaction front/zone lies. When the bed is 

compressed, the density of graphite within that reaction zone significantly 

increases. Averaging out the potential oscillations over a greater number of 

graphite particles damps the overall/average oscillations observed. 

 
Figure 4.6. The 160 mg EG bed with varying levels of bed compression. The 

starting heights of the baseline, 50%, and maximal compression packed beds were 



140 
 

approximately 20, 10, and 6 mm, respectively. (a) Charging curves as a function of 

bed compression. (b) XRD for the baseline and 50% compression conditions (XRD 

was not performed on the maximal compression cake, given its clear lack of 

homogeneity). (c) Photographs of the packed beds at the end of the reaction. For 

the maximal compression condition, the packed bed was removed from the reactor 

and photographed to highlight how the bottom part of the cake has a dull grey 

colour relative to the black top part. (d) Raman spectra acquired immediately after 

the reaction on the black, top part of the maximal compression cake and the 

bottom, grey part of this cake. The top part of the cake appears to be GO, while the 

bottom is a GIC. The Raman spectrum of the EG precursor is shown for 

comparison. 

4.2.3 Scaling and irrigation of the EG reaction 

Increasing the mass loading of the packed bed can be problematic because the 

electrolyte diffusion path increases as the mass (and bed height) increases. To 

assess the effect of graphite loading with EG, we doubled the mass loading in the 

EG reaction from 160 to 320 mg while doubling the packed bed height (in order to 

keep the density of the graphite the same). 

The 320 mg charging curve without bed irrigation closely resembles, and even 

initially overlaps, the 160 mg curve for the first 12 hours (Figure 4.7a). After 12 

hours, we see the voltage continues to rise as the reaction front move downwards 

and electrolyte has to diffuse through more and more reacted EGO. Despite the 

voltage difference, there is no major difference between the 160 and 320 mg 

products in the XPS, XRD (Figure 4.7), or yield (Table S4-1). However, very high 

voltages are highly undesirable from a cost and implementation perspective. 

Further, we suspect that if the bed height were increased much further (beyond 

the capacity of our current reactor), high voltage and solution diffusion constraints 

would eventually begin to affect the product. 
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Given that solution diffusion is a significant challenge of the packed bed, we 

address this by incorporating a porous tube into the reactor. A 5-mm-diameter 

tube/pipe was 3D printed with ABS plastic and dozens of small holes (~0.75 mm in 

diameter) were drilled into it, as shown in Figure S4-10. The tube was centred in 

the reactor and the EG filled the space around it. During the reaction, the EG 

expands slightly to grip the pipe tightly, but it does not expand into the interior of 

the pipe. Hence, there is a clear path from the bulk solution at the top of the bed to 

the bottom. 

This irrigation channel successfully constrained the voltage increase at both the 

160 and 320 mg scales (Figure 4.7a). Without the irrigation channel, the voltage 

precipitously rose near the end of the reaction to over 12 V, as oxygen evolution 

began and the bed dehydrated. With the irrigation channel, we can now observe a 

final voltage plateau around 4.26 V (160 mg experiment) and 4.48 V (320 mg 

experiment). This suggests that even during the final OER phase of the reaction, 

the bed retains access to the electrolyte. We also note that potential oscillations are 

damped during the long oxidation stretch for the irrigated reactors. This supports 

our hypothesis that potential oscillations are related to the graphite bed 

morphology. 

XPS shows no major differences among the samples (Figure 4.7d and e, Table 2). 

XRD of all samples are also very similar, except that the 160 mg with irrigation 

experiment showed a slightly higher fraction of the peak centred at 21.8° (full 

diffractograms are in Figure S4-2). The reason behind this difference is unclear. 

However, the differences again are not Raman-active, and the D and G bands of the 

160 mg conditions overlap (Figure S4-6). Despite this, fairly significant differences 
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can be observed in the physical properties of the 160 mg EG product with and 

without the irrigation, discussed below. 

 
Figure 4.7. Scalability and effect of irrigation on the EG reaction. (a) Charging 

curve for two different graphite loadings (160 mg and 320 mg) both with and 

without the irrigation channel. (b) XRD patterns for the 160 mg graphite loading 

with and without irrigation. (c) XRD for the 320 mg graphite experiments. (d) XPS 
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C 1 s spectra for the 160 mg experiments. (e) XPS C 1 s spectra for the 320 mg 

experiments. 

Table 2. Deconvolution of the C 1s spectra results for the main EGO products 

synthesised. 

Sample C=C C-O, C-O-C C=O COOH 
 Position Area Position Area Position Area Position Area 

160 mg, Flake 
Graphite 284.5 50.40% 286.5 46.74% 287.8 2.38% 289.0 0.48% 

160 mg, EG, 
No Irrigation 284.5 48.93% 286.5 49.51% 287.8 1.51% 289.3 0.05% 

320 mg, EG, 
No Irrigation 284.5 48.46% 286.5 49.22% 287.8 2.00% 289.3 0.32% 

160 mg, EG, 
With 

Irrigation 
284.5 48.28% 286.4 50.24% 287.8 1.32% 288.6 0.16% 

320 mg, EG, 
With 

Irrigation 
284.5 47.80% 286.4 49.87% 287.8 2.21% 289.2 0.12% 

 

4.3 Conductivity as a function of graphite type and irrigation 
The EGO samples were sonicated and cast into thick (~20 µm) vacuum filtered 

membranes for four-point probe conductivity measurements. In addition to testing 

the as-synthesised conductivity, we also measured the conductivity of membranes 

that were deoxygenated with one hour room temperature  hydriodic acid (HI) 

immersion [20] or one hour treatment at 300°C in an oven in air [21]. HI appears 

to be one of the strongest chemical reductants [22-24], and 300° C is an optimum 

temperature for thermal deoxygenation of chemically derived graphene oxide in 

air [21]. For comparison, we also tested the conductivity of chemically derived 

graphene oxide (CGO) which was synthesised in Chapter 2. We found that thermal 

treatment was more effective than HI treatment for one hour. However, we note 

that one hour may not have allowed sufficient time for HI reductants to fully 

diffuse throughout the membranes. Different spots on the membrane appeared to 
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have significantly different conductivities, hence the large error in the 

measurement for some HI conditions. 

The flake graphite-derived EGO was the most conductive at all levels, relative to 

EG. This is due to its decreased level of oxidation and the presence of unreacted 

graphite/GIC. Along similar lines, the EG with irrigation product is more 

conducting than EG without irrigation likely because the irrigated EGO contains 

relatively higher levels of the less-oxidised, re-stacked graphene material (i.e. the 

material with x-ray diffraction at ~22°). Finally, CGO is most insulating because of 

its much higher degree of oxidation which disrupts electron-conducting graphitic 

domains. 

 
Figure 4.8. Conductivity of graphene oxide membranes as a function of oxidation 

conditions and deoxygenating treatment. Error bars represent the interquartile 

range of 30 measurements taken on each sample. CGO refers to chemically derived 

graphene oxide synthesised using the Hummers method. 
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4.4 Dispersibility as a function of graphite type and irrigation 
The compatibility of EGO with solvents is important because it essentially controls 

how effectively the graphite oxide can be exfoliated to graphene oxide. Significant 

work has examined graphene [25, 26], chemically-derived graphene oxide (CGO) 

[27-30], and reduced graphene oxide (rGO) [28, 31, 32] solution dispersibility. 

Given EGO’s apparent chemical similarities to CGO and rGO, we might expect that it 

has a similar solvent compatibility profile. 

While water is a very good solvent for CGO, polar organic solvents appear to be 

most effective at dispersing partially reduced graphene oxide and graphene. For 

this reason, we tested dimethylformamide (DMF) and N-Methyl-2-pyrrolidone 

(NMP). DMF and NMP have the advantage of being good dispersants for non-

functionalised graphene, rGO and, to a lesser extent, CGO [28]. Therefore, it is likely 

they will be able to disperse our material. Ethanol is also an effective dispersant for 

rGO [31, 32] and EGO produced using 1 M sulfuric acid saturated with ammonium 

sulphate electrolyte [33]. Therefore, ethanol was also included in our tests. As a 

control, water was also tested. Finally, ethanol and water mixtures were tested, as 

discussed further below. 

The EGO derived from flake graphite, EG synthesised without the irrigation, and EG 

synthesised with irrigation were freeze-dried and resuspended in the solvents at a 

concentration of 0.1 mg/mL. After bath sonication for one hour, the dispersions 

were allowed to sediment for 24 hours before being reassessed. Photographs of 

the dispersions are shown in Figure S4-12, S4-13, and S4-14. 

After sonication, a smooth, transparent, light brown dispersion evolved for DMF, 

NMP and ethanol. None of the EGO materials dispersed well in water, however, 
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evidenced by the persistent presence of large, visible particulates, even after 

sonication. CGO tends to disperse better at higher pH [29, 31], but even in pH 10 

water (adjusted using ammonia solution), EGO particulates were observed after 

sonication. Poor water dispersibility is likely a consequence of our EGO being less 

oxidised/hydrophilic than water dispersible CGO. Given these results, we focused 

analysis on the polar organic solvents. 

UV-vis spectroscopy was used to quantify how much EGO remained in the 

supernatant after 24 hours sedimentation. According to the Beer-Lambert law, UV-

vis absorbance is directly proportional to the concentration of solutes. It has been 

shown that this law holds for GO [32], and preliminary dilution testing with EGO 

confirmed this. The mass remaining in the supernatant after 24 hours was 

calculated by dividing the absorbance of the supernatant at 660 nm after 24 hours 

by the absorbance directly after sonication (Figure 4.9a). An example UV-vis 

spectrum is shown in Figure 4.9c, which exhibits typical EGO peaks around 241 

and 301 nm [9]. The peak locations did not appear to be solvent dependent. 
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Figure 4.9. Dispersibility in various polar organic solvents of EGO synthesised 

from flake graphite or EG with and without irrigation. (a) Quantitative UV-vis 

assessment of the ability of various solvents to stabilise EGO dispersions. Values 

represent the concentration of EGO supernatant after 24 hours sedimentation as a 

fraction of the initial concentration, just after sonication. (b) Example photograph 

of an EGO dispersion before and after sedimentation. The left-hand photograph is 

the just sonicated sample, and the right hand photograph is after 24 hours 

sedimentation. (c) UV-vis spectrum of the post-sedimentation sample shown in 

(b). 

In terms of the pure solvents, for all EGO types, DMF appeared to be most effective, 

followed by NMP, then ethanol. This may be explained by the surface energy of 

DMF most closely matching this form of graphene [25], although there almost 
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certainly other factors at play (e.g. the polar, hydrogen-bonding and nonpolar van 

der Waal interactions described by Hansen solubility parameter theory [32]). 

In terms of the graphite type, EG-based EGO was more dispersible than flake 

graphite EGO. Flake graphite EGO’s lack of dispersibility likely stems from the 

material being less oxidised. EG-based EGO may also benefit from the prior 

thermal expansion used during the synthesis of the EG precursor. The inherently 

expanded structure of EG likely allows for more effective solvent intrusion during 

sonication. 

Interestingly, the irrigated EG sample was more stable in solution than the EG 

without irrigation. This effect cannot be explained with reference to oxidation, 

given that XPS suggests the two samples have very similar degrees of oxidation. It 

is possible that the arrangement of oxidised and graphitic domains differs between 

two samples. The mechanism that would generate such differences is unclear, but 

it may be a consequence of the very high voltage that the no irrigation condition 

experienced. It could also occur during workup or storage [34]. 

Although it is an effective solvent, DMF has disadvantages, including a high boiling 

point, mild toxicity and higher purchasing and disposal costs than water or 

ethanol. Ideally, a more green solvent such as ethanol could be used [35]. There are 

some reports that CGO, normally not dispersible in ethanol, can be dispersed in 

alcohol if it transferred directly from water without drying [27, 36]. That is, there 

appears to be a type of non-additive benefit for dispersibility to mixing water and 

ethanol. Accordingly, we tested mixtures of ethanol and water with the EG, With 

Irrigation sample (photographs of these dispersions are in Figure S4-15). 
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The 25% ethanol (75% water) solvent was unable to fully disperse the EGO, with 

visible aggregates remaining in the solution after one hour sonication. Therefore, 

our quantitative UV-vis dispersion testing focused on the solvents with greater 

ethanol fraction. It appeared that a 50% ethanol/water mixture was the optimal 

solvent mixture (Figure 4.9a and b). Surprisingly, dispersibility in this solvent 

rivalled DMF. ~96% of the material remained in the supernatant after 24 hours, 

suggesting that almost all of the product can be converted to dispersible graphene 

material in the solution. The majority of EGO production approaches [9, 10, 37-39] 

and electrochemical methods for less oxidised graphene synthesis [5, 7, 40, 41] 

include a sedimentation or centrifugation separation step after sonication, where 

significant (e.g. ~30% [9, 38]) of the product is removed (so called unexfoliated 

material). In contrast, in the current system, almost all of the graphite can be 

reacted and exfoliated. Thus, close to full conversion can be achieved, highlighting 

the very high yield afforded by the packed bed approach. 

4.5 AFM and SEM characterisation of dispersed EGO 
To streamline the exfoliation process, EGO can be removed from the reactor, 

washed with water, and then re-dispersed to a 50% ethanol/water mixture. 

Accordingly, we dispersed and exfoliated water-washed EGO from the 160 mg, EG, 

With Irrigation condition in 50% ethanol using 40 minutes of high shear mixing. 

After this mixing, the dispersion was immediately drop cast onto a heated Si/SiO2 

wafer for AFM/SEM analysis (Figure 4.10). AFM characterisation revealed that the 

product under these exfoliation conditions was primarily single-layer to few-layer 

graphene (94% of the flakes being less than six layers), with single-layer flakes 

measuring between 1-1.3 nm thick. The mean and median flake largest dimension 
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was 2.85 µm and 2.01 µm, respectively. Although the flake distributions are 

dependent on the exfoliation approach [10], the results here show that in principle 

the EGO can be exfoliated to few layer graphene in a green solvent of 50% 

ethanol/water. 

 
Figure 4.10. 2D materials characterisation for the 160 mg, EG, With Irrigation 

EGO, exfoliated in a 50% ethanol/water solution using high shear mixing then drop 

cast on Si/SiO2 wafer. (a) AFM micrograph showing single to few-layer graphene 

sheets. (b) Representative SEM micrograph. (c) Layer number distribution of 100 

sheets derived from AFM. (d) Lateral size distribution of 124 sheets derived from 

SEM. 
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4.6 Conclusion 
In the current study, we addressed two major limitations of the packed bed EGO 

approach. Firstly, we showed that the dispersibility of EGO can be dramatically 

improved by using EG as the starting material. A heuristic solvent optimization 

showed that with either DMF or a 50% water/ethanol mixture, most of the EG-

based EGO remained stable in solution over the short term. This stability should be 

suitable for most applications requiring dispersed graphene oxide (e.g. spray 

coating or mixing with polymer composites). The fact that almost all of the product 

exfoliates suggests the separation step can be avoided and that the effective yield 

of our method is notably high. 

We have further addressed the challenge of poor solution diffusion throughout 

packed graphite beds. We demonstrate a new type of electrochemical reactor 

employing a porous, irrigating pipe. This bed irrigation successfully controls the 

voltage drop across the experiment by extending the bulk solution into the bed. 

The strategy should enable further scalability of the packed bed in multiple 

dimensions.  

Finally, in addressing these challenges, we make fundamental observations about 

galvanostatic charging of graphite. In particular, we shed light on the previously 

elusive origin of potential oscillations observed during packed bed graphite 

oxidation, showing how these oscillations are contingent upon the packed bed’s 

density and spatial arrangement with respect to the bulk solution and counter 

electrode. 

Ultimately, it is expected that the electrochemical insights garnered here will form 

a solid basis for the industrial scale application of the packed bed EGO approach. 
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4.7 Experimental section 

4.7.1 Materials 

Large, natural flake graphite used for synthesis was used as received from Sigma 

Aldrich (Product Number 332461, particle size: +100 mesh). Expandable flake 

graphite was a gift from Asbury Graphite Mills (Asbury, NJ, USA): Asbury grade 

1721, a sulfuric acid-based GIC expandable graphite with nominal size greater than 

300 µm, expansion ratio of 300:1, pH range 1-6. DMF and NMP were purchased 

from ChemSupply (Gillman, SA, Australia). Sulfuric acid, also purchased from 

ChemSupply, was diluted with deionised water and used as the electrolyte. A 43 

cm 0.25-mm-diameter platinum wire formed the counter electrode and was 

sourced from Goodfellow (Item 850-988-64, Cambridge, UK). The seal between the 

glass test tube making up the reactor and the BDD was made up of three layers of 

Parafilm M (Bemis, Neenah, US) with a 13 mm hole punched in the centre of the 

film. The BDD working electrode consisted of a 100 x 20 x 2 mm (length x width x 

thickness) niobium plate coated using CVD with a 12-18 µm thick polycrystalline 

BDD film (Diaccon GmBH, Fürth, Germany). The reactor consisted of the glass test 

tube as well as 3D printed plastic flanges used to clamp the tube onto the niobium 

plate. The flanges were printed using a Makergear M2 or M3 3D printer 

(Beachwood, OH, US) using ABS filament (Verbatim Americas LLC, Charlotte, NC, 

US) and were attached to the glass test tube using epoxy resin. The porous 

irrigation pipe was also printed with this ABS filament. The graphite press was 3D 

printed with semi-transparent 1.75-mm-diameter PVDF filament (Apium Additive 

Technologies, Karlsruhe, Germany). All 3D printed parts were designed in 

AutoCAD 123D Design. The separator between the graphite and the plastic press 

consisted of three thin, 13.5-mm-diameter glass fibre membrane discs cut from a 



153 
 

larger membrane filter (pore size 0.7 μm, Whatman brand from GE Healthcare, 

Chicago, CAT No. 1825-047). Silicon wafers (item ID 785, P/B type, 525 µm 

thickness, <100> orientation) used for SEM/AFM imaging were sourced from 

University Wafer (Boston, USA). 

4.7.2 Preparation of EG 

Expandable flake graphite was used as the starting material for EG production. 

Expandable graphite of this type is made by treating flake graphite in concentrated 

sulfuric acid in the presence of oxidants such as potassium permanganate, creating 

a GIC [1]. After the reaction, the GIC is hydrolysed by repeated washing with water, 

producing expandable graphite. This product can then be expanded in an oven in 

air at 700-1000 °C, producing a fluffy, wormlike material. Alternatively, 

expandable graphite can also be expanded using microwave radiation [42, 43]. The 

microwave expansion route was used here. 1 g expandable graphite was placed 

into a 1 L glass beaker with a non-sealing glass plate lid. It was then microwaved 

for 10 s at full power in an 1100 W home microwave (Homemaker brand, Kmart 

Australia) in a fume hood. 

4.7.3 Synthesis of EGO 

The synthesis employed the same apparatus and method described in detail in our 

previous work [13]. A schematic of the reactor is shown in Figure 4.1. Essentially, 

the reactor consists of a glass tube (inner diameter of 14 mm) which was pressed 

and sealed against a BDD plate (the anode), as well as a plastic press designed to 

apply pressure to the graphite packed bed.  

For the synthesis of flake graphite-derived EGO, flake graphite was poured through 

the opening at the top of the reactor, where it formed a packed bed at the bottom. 
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Glass fibre membranes were placed atop the bed, and then the membranes and 

graphite were pressed into the BDD plate using the plastic press. The plastic press 

was hollow and contained large holes at the bottom to allow easy diffusion of gas 

and electrolyte. Inside the plastic press was a coiled platinum wire counter 

electrode (33 cm of the wire made up the spring-like coil), placed approximately 4 

mm from the top of the graphite bed. The platinum wire was cleaned before each 

experiment with sonication in acetone, brief rinsing with ethanol and water, then 

with electrochemical cleaning in 0.1 M H2SO4, which included: +2.0 V. SCE for 2 

minutes, followed by CV run between -0.23 and +1.10 V vs. SCE with a scan rate of 

100 mV/s for 20 cycles, stopping at 1.1 V. A 0.5 kg weight was placed atop the 

graphite press, ensuring the graphite bed made intimate contact with the BDD. 

Electrolyte (3.6 mL) was then pipetted into the reactor. The BDD and platinum 

wire were connected to a Gamry Interface 1000 potentiostat (Gamry Instruments, 

Warminster, PA).  

For the synthesis of EG-derived EGO, the EG was placed into the reactor and 

compressed with the plastic graphite press to the desired height. After addition of 

electrolyte (enough to cover the counter electrode, ~4.5 mL), the reactor was left 

for one hour to allow diffusion of the liquid throughout the packed bed. All other 

aspects of the setup were the same as the flake graphite condition. 

For the conditions using the irrigation pipe, the porous pipe was prepared by 3D 

printing a 5-mm-outer-diameter, 3.5-mm-inner-diameter ABS tube. Dozens of 

small holes in the tube were manually drilled in a pseudo-random fashion with a 

0.75-mm-diameter drill bit and drill press to ensure an even distribution of pores. 

A hole was cut in the bottom of the porous graphite press to allow the press to 



155 
 

freely slide up and down the irrigation pipe. To insert the graphite into the reactor, 

a 5-mm-diameter graphite rod was first placed in the centre of the reactor where 

the pipe would normally be placed. The graphite was then placed around the 

graphite rod and compressed using the plastic graphite press. After all the graphite 

had been inserted into the reactor, the graphite rod was removed and replaced by 

the porous irrigation pipe. This procedure was undertaken to ensure that the 

graphite did not intrude into the centre of the irrigation pipe during compression. 

For the glass fibre separators, roughly 5-mm-diameter holes were punched in the 

glass fibre discs using an office hole punch. The glass fibre membranes were placed 

atop the graphite bed, and the graphite press (with 0.5 kg weight on top) was 

placed over the bed and the irrigation pipe. The counter electrode was carefully 

placed around the irrigation pipe in its normal position. When electrolyte was 

added, it rapidly wetted the entire bed, in contrast to the reactor without the 

irrigation pipe. 

In all cases, a positive current of 16 mA was applied to the BDD/graphite electrode. 

The experiment was monitored to detect when the final voltage plateau was 

achieved and the slope had stabilised. The final slope stabilization point was 

defined as the point when the second derivative of the voltage curve approached 

zero. The experiment was run until approximately 60 C of additional charge was 

transferred after the final slope stabilization point. This 60 C allowance was made 

to ensure that the final plateau had indeed been reached. In some cases, the voltage 

precipitously rose towards the end of the experiment and did not reach a plateau. 

When this occurred, the experiment was stopped when the voltage reached 12 V 

(the limit of our potentiostat). At the end of the electrolysis, the electrolyte was 
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decanted from the reactor, the entirety of the graphite cake was carefully 

transferred to 125 mL deionised water, and the product was stored in a 

refrigerator at 4 °C. 

4.7.4 Characterisation 

Information about the characterisation instrumentation is provided here. For 

information about the details of sample preparation, see the Supporting 

Information, Section 1.  

X-ray diffraction (XRD) employed a Bruker D8 Advance diffractometer, equipped 

with a graphite monochromator. Thin film samples were scanned in fixed sample 

illumination mode (5 mm illumination length) at a scan rate of 3 degrees/minute. 

X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos Axis ULTRA 

incorporating a 165 mm hemispherical electron energy analyser, and data were 

analysed using Casa XPS 

Raman spectroscopy was conducted on a Renishaw inVia Raman Microscope 

equipped with a 532 nm laser and a 20x objective. Six measurements were 

collected for each sample to ensure the presented spectra were representative. 

Renishaw Wire 5.0 software was used for background correction.  

SEM was performed on EGO spin coated onto a conductive Si/SiO2 wafer (as 

further detailed in the Supporting Information, Section 1). SEM images were 

captured using a Joel JSM-7500FA with a 15 keV beam. ImageJ was used for 

particle size analysis of SEM images. 

Atomic force microscopy (AFM) images were captured with a Bruker Dimension 

Icon AFM with a ScanAsyst-Air probe operating in ScanAsyst mode. AFM images 
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were assessed with Bruker Nanoscope Analysis Software, the height being 

measured with the line profile tool. 

Optical microscope images were collected using an Olympus LEXT OLS50000 

Industrial Laser Confocal Microscope in non-confocal mode.  

A Jandel RM3000 four-point probe system with a linear arrayed head (probe 

spacing of 1 mm) was used for conductivity measurements, with 30 measurements 

taken on a membrane compressed with 5 ton pressure using a hydraulic press. 

Measurements were taken at the centre of the sample and on both sides of the 

membrane. A digital outside micrometre with 1 micron accuracy was used to 

measure the sample thickness. 

For the yield measurements, a known volume fraction of the product solution 

containing between 30 and 60 mg of material was filtered using a vacuum 

filtration apparatus. The resulting membrane was dried overnight in air at 80° C. 

To determine the mass of the sample, and thus the product yield, the membrane 

was quickly removed from the oven and immediately weighed. 

For the dispersibility tests, the material was freeze-dried and then redispersed in a 

given solvent at a concentration of 0.1 mg/mL in a 20 mL glass vial (the total 

volume of the solution was 13 mm). The sample was then bath sonicated (using a 

Branson Model 1800 sonicator) for one hour on ice. Photographs of the sample 

were taken in front of a folded piece of paper with a lamp providing backlight. 

After the sonication, the sample was removed from the sonicator and thoroughly 

shaken. If particulates were visible at this point, the sample was not subjected to 

UV-vis analysis. Otherwise, the as-prepared supernatant was diluted roughly one 
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in three (1.05 mL of the supernatant was mixed with 1.95 mL of pure solvent) so 

that the absorbance would be within the range of the detector. Following [32], the 

absorbance at 660 nm was used to assess the concentration of EGO before and 

after sedimentation. UV-vis was carried out on an Agilent Cary 300 

spectrophotometer.   
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1 Additional experimental details 
Additional details about how the EGO was prepared for each characterisation 

technique are provided here. 

XRD. To prepare the GO products for XRD characterisation, samples were cast into 

vacuum filtered membranes. A small milligram-scale amount of the product was 

sonicated in water for approximately 20 minutes. The solution was used to form a 

membrane via vacuum filtration. A 12.7-mm-diameter disk, cut from the 

membrane, was adhered to a flat, zero background silicon wafer. The adhesion was 

accomplished by dropping a small, concentrated amount of the previously 

sonicated product onto the wafer, placing the membrane on top of the droplet, and 

allowing it to dry in ambient conditions.  
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XPS. For XPS, the graphite oxide was washed in the following manner. Firstly, a 

small, ~10 mg sample of the graphite oxide was rinsed several times in a vacuum 

filtration apparatus in deionised water. It was then resuspended in 30 mL water 

and sonicated for 5 minutes to facilitate acid removal and partial exfoliation of the 

EGO. The material was vacuum filtered and washed several more times with water 

in the vacuum filtration cup. After the final washing, the EGO was scraped from the 

membrane filter using a spatula and applied to a glass XPS substrate. The mud-like 

EGO was allowed to dry overnight before XPS analysis. The mixing via sonication 

and sample casting method ensured that a representative, random sample of the 

material was irradiated by the XPS beam. 

Conductivity tests. Roughly 40 mg of EGO was sonicated for 10 minutes in water, 

then vacuum filtered onto a 47 mm, 0.1 µm MCE membrane filter (A-Fit 

Biosciences, Beijing). The film was allowed to dry at room temperature in air 

overnight before being removed from the filter. A 9.5 mm disc was punched from 

the membrane and compressed in a 13 mm die press using a hydraulic press with 

5 tons force for 5 seconds. This compression was performed to remove void spaces 

inside the membrane and ensure reliable, reproducible measurements. 

Raman spectroscopy. Raman spectra were acquired on the same membrane used 

for the conductivity test. 

SEM and AFM. Before drop casting, the product was washed and dispersed. A 

small amount equalling ~2 mg of the 160 mg, EG, With Pipe graphite oxide solution 

was pipetted up and then transferred to a vacuum filtration cup, where it was 

rinsed with deionised water. The product was transferred to a bottle and sonicated 

for 1 minute in ~30 mL of water to ensure thorough mixing. This solution was 

again vacuum filtered and rinsed with water in the filter cup. After this washing 
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procedure, the EGO was resuspended in a 50% ethanol/water solution at a 

concentration of 0.1 mg/mL. The solution was high shear mixed for 40 minutes in 

an ice bath at 1200 rpm using a (WN)AD500S-H 12G mixer with 12-mm-diameter 

mixing head (Worner Lab, Shaoxing, China). The product was then drop cast onto 

Si/SiO2 wafers heated to ~80°C on a hotplate then allowed to dry overnight before 

AFM and SEM imaging.  

Optical microscopy on pre-sonication flakes. A few drops of the solution of 

graphite oxide were drop cast onto clean Si/SiO2 and allowed to dry overnight in 

ambient conditions. Optical microscope images were acquired directly on the dried 

sample. 

2 Charging curves for the EG without irrigation 

experiments 

 
Figure S4-1. Full charging curves for the EG, No Irrigation conditions showing the 

final voltage rise to 12 V.  

3 Yield data 
Table S4-1. The mass yield for all EGO experiments 
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Sample Graphite mass change (final 
dry weight v. starting graphite 

weight) 
160 mg, Flake Graphite 66% 
160 mg, EG, No Irrigation 82% 
320 mg, EG, No Irrigation 76% 
160 mg, EG, With 
Irrigation 72% 

320 mg, EG, With 
Irrigation 77% 

*Note the yield measure has a margin of error of approximately +/- 5% from 
preliminary testing. It is provided here as an indicator only. 
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4 XRD Data 

 
Figure S4-2. Full XRD diffractograms for all experiments. 
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5 XPS data 

5.1 Graphite precursors XPS 

 
Figure S4-3. XPS survey spectra for flake graphite and EG. 

 

 
Figure S4-4. XPS C 1s spectra for flake graphite and EG. 

Table S4-2. Elemental compositions derived from XPS survey spectra for flake 

graphite and EG. 

Sample C O S N 
Pristine Flake 
Graphite 98.37% 1.63% 0% 0% 

Pristine EG 91.78% 5.34% 1.57% 1.31% 
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5.2 EGO samples XPS 

 
Figure S4-5. XPS survey spectra for main EGO products synthesised. 

Table S4-3. Elemental compositions derived from XPS survey spectra for main 

EGO products synthesised. 
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Sample C O S N 
160 mg, Flake 

Graphite 73.75% 25.37% 0.87% 0.00% 

160 mg, EG, No 
Irrigation 72.89% 26.41% 0.70% 0.00% 

320 mg, EG, No 
Irrigation 72.63% 26.57% 0.80% 0.00% 

160 mg, EG, 
With Irrigation 71.11% 27.45% 1.19% 0.26% 

320 mg, EG, 
With Irrigation 71.67% 26.95% 1.14% 0.23% 

 

6 Raman data 
 

 
Figure S4-6. Raman D and G peaks for the 160 mg, EG with and without irrigation 

conditions. 

 
Figure S4-7. Raman spectrum for the 160 mg, EG, With Irrigation condition. 
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Figure S4-8. Raman spectrum for the 160 mg, EG, No Irrigation condition. 

 

7 Images of the product during and after reaction 

 
Figure S4-9. Photograph of the irrigated packed bed electrochemical reactor 

during the reaction (160 mg, EG, With Irrigation experiment shown), full view (a) 

and close up view (b). 
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Figure S4-10. Images of the 160 mg, EG, With Irrigation experiment at the 

completion of the experiment. (a) The packed bed after the plastic graphite press 

was removed. (b) The bottom of the graphite packed bed after the electrolyte was 

decanted and the reactor was disassembled and turned upside down. (c) 

Photograph of the porous plastic pipe used in the irrigation conditions. (d) 

Photograph of the irrigation pipe after the reaction was complete. The pipe has 

been removed from the packed bed, but not cleaned. The photograph shows that 

no graphite had intruded into the interior of the pipe, implying that there was a 

clear solution diffusion path throughout the pipe. 
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Figure S4-11. Optical microscope images of increasing magnification of dried, pre-

sonication EGO produced using the 160 mg, EG, With Irrigation condition. 
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7.1 Dispersibility test 

 
 

Figure S4-12. Dispersibility tests for the 160 mg, Flake Graphite EGO. Each bottle 

has an initial volume of 13 mL with a concentration of 0.1 mg/mL.  
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Figure S4-13. Dispersibility tests for the 160 mg, EG, No Irrigation EGO. Each 

bottle has an initial volume of 13 mL with a concentration of 0.1 mg/mL. 
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Figure S4-14. Dispersibility tests for the 160 mg, EG, With Irrigation EGO. Each 

bottle has an initial volume of 13 mL with a concentration of 0.1 mg/mL. 
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Figure S4-15. Dispersibility tests for the 160 mg, EG, With Irrigation EGO in 

mixtures of ethanol and water. 
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Abstract 

Although direct ink writing (DIW) is a versatile 3D printing technique, progress in DIW has 

been constrained by the stringent rheological requirements for printable conductive 

nanocomposites, particularly at smaller length scales. In this work, we overcome these 

challenges using an aqueous nanocomposite ink with polydimethylsiloxane (PDMS) 

submicrobeads and an electrochemically-derived graphene oxide (EGO) nanofiller. This 

nanocomposite ink possesses a thixotropic, self-supporting viscoelasticity. It can be easily 

extruded through very small nozzle openings (as small as 50 µm) allowing for the highest 

resolution PDMS DIW reported to date. With a mild thermal annealing, the DIW-printed device 

exhibits low resistivity (1660 Ω·cm) at a low percolation threshold of EGO (0.83 vol%) owing 

to the unique nanocomposite structure of graphene-wrapped elastomeric beads. The 

nanocomposite ink was used to print wearable, macro-scale strain sensing patches, as well as 

remarkably small, micron-scale pressure sensors. The large-scale strain sensors have excellent 

performance over a large working range (up to 40% strain), with high gauge factor (20.3), and 

fast responsivity (83 ms) while the micron-scale pressure sensors demonstrated high pressure 

sensitivity (0.31 kPa-1) and operating range (0.248-500 kPa). Ultrahigh resolution, multi-

material layer-by-layer deposition allows the engineering of microscale features into the 

devices, features which can be used to tune the piezoresistive mechanism and degree of 

piezoresistivity.  

Keywords: PDMS, graphene oxide, nanocomposite, direct ink writing, tactile sensor 

1. Introduction 

 With the rise of mobile devices and technology, there is a growing demand for smart, 

wearable devices for various applications, including wearable energy generation and storage [1, 

2], smart medical patches [3], and human-computer interaction devices [4]. Tactile sensing [5] 
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is a crucial component for wearable devices designed to measure or respond to human 

movement. Such devices typically need to measure pressures between 1 and 100 kPa [6-8]. 

Piezoresistive type sensors are often deployed in this case due to their high sensitivity and easy 

fabrication [9]. Polydimethylsiloxane (PDMS) is often used to encapsulate such piezoresistive-

type sensors. PDMS is widely used for flexible electronics, microfluidics and medical devices, 

due to its biocompatibility, optical transparency, low autofluorescence, excellent moldability 

and high oxygen permeability [10].  

3D printing has recently emerged as a solution for creating PDMS-based structures [5, 11-

18]. Direct ink writing (DIW), a type of 3D printing, can construct 3D microstructures via layer-

by-layer deposition of polymer composite ink of typically high viscosity [19, 20].  DIW can 

construct 3D devices from multiple nanocomposite ink components and allows for shear-

induced microstructuring of nanofillers during ink extrusion [21]. The control of the materials 

composition and their interactions have to be well-optimized for the desired device properties 

[22].  

DIW of conductive PDMS elements is challenging on at least two fronts. Firstly, the 

viscosity of PDMS must be tailored for 3D printing. Commercially available PDMS precursors 

have a watery consistency and will not hold their shape after DIW extrusion. Previous efforts 

have used salts [12], nanosilica additives [13], or shear thinning silicon rubber [23] to thicken 

the PDMS ink. Ideally, the ink should flow easily but possess self-supporting viscoelasticity 

after extrusion (i.e. thixotropic behavior) [19]. Particularly challenging is the miniaturization of 

DIW PDMS nanofillers; as printing nozzles become smaller, extrusion of viscous fluids 

becomes exceedingly difficult. Overcoming this challenge requires novel approaches in the 

design and formulation of the nanocomposite inks [24].  Herein, we find that PDMS can itself 

be pre-cured into submicrobeads that, together with a surfactant and graphene nanofiller, have 

the effect of markedly improving the viscoelastic properties of the ink for DIW. 
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A second challenge associated with PDMS is incorporation of conductive materials into 

PDMS matrices. Typically, PDMS is hydrophobic with limited compatibility with water and 

most solvents, limiting the dispersibility of conductive materials into PDMS [25]. A strategy to 

improve the water compatibility, and hence processability, of PDMS is to synthesize water 

soluble PDMS or surfactant-wrapped PDMS emulsions [26]. It offers a controlled way to 

introduce the elastic component to inks via the water-dispersible PDMS beads [27, 28]. In terms 

of the conductive component of inks, while silver is often used in PDMS composites [5, 13, 

16], for larger scale/commercial implementation, lower cost nanofillers would ideally be used. 

Carbon-based nanofillers such as graphene oxide are one alternative.  

In this work, a new formulation strategy was developed which allows for the introduction of 

low cost, electrochemically-derived graphene oxide (EGO) [29] and PDMS submicrobeads into 

an aqueous nanocomposite ink, which was subsequently used for DIW 3D printing (Figure 1). 

The ink’s finely tuned rheology allows it to be extruded from nozzles as small as 50 µm, 

allowing us to print conductive nanocomposite structures with unparalleled resolution. A strain 

sensing wearable patch which is highly sensitive (capable of detecting human pulse) and robust 

(>1000 cycle stability) was developed, the performance being comparable to or exceeding the 

best low cost carbon-nanofiller-based devices. Furthermore, this design is miniaturized to create 

a micro-scale pressure sensor. The device is produced using layer-by-layer deposition, with 

each layer being ~100 µm thick. By engineering micro-gaps between the layers, we can 

drastically modulate the device’s piezoresistivity to achieve excellent sensitivity (detecting 

forces as low as 248 Pa) but good operating range (up to 500 kPa). This 3D DIW approach has 

broad applications for device miniaturization, enabling space efficient, yet flexible, tactile 

sensing components. 
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Figure 1. Overview of the fabrication of PDMS submicrobead/EGO nanocomposite ink and 

3D DIW of wearable macrosensor and microsensor.   

2. Materials and Methods  

Materials: Graphite flakes (Sigma-Aldrich 332461), were the starting material for the 

synthesis of electrochemically derived graphene oxide (EGO). Polydimethylsiloxane (Sylgard 

184, Dow Corning) was purchased from Sigma-Aldrich and used to fabricate the 

nanocomposite ink. Polyvinyl alcohol (PVA) (Mowiol 18-88) with molecular weight ~130,000 

and dichloromethane were purchased from Sigma-Aldrich. Polysorbate 20 (Sigma-Aldrich item 

44112) was used as the emulsifier to form PDMS submicrobead dispersions in aqueous solution. 
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For the EGO synthesis, the working electrode plate consisted of niobium coated with CVD-

grown polycrystalline boron-doped diamond (BDD) (Diaccon GmBH, Fürth, Germany). The 

cell separator consisted of glass microfiber filters (pore size 0.7 μm, Whatman brand from GE 

Healthcare, Chicago, CAT No. 1825-047). The counter electrode was made from 0.25-mm-

diameter platinum wire (Item 850-988-64, Goodfellow, Cambridge, UK). THF and 98% 

sulfuric acid were purchased from ChemSupply (Gillman, SA, Australia). 

Synthesis of PDMS submicrobeads: PDMS submicrobeads were synthesized in an emulsion-

based process. 8 g of PDMS pre-polymer with the ratio of base to curing agent of 10:1 was 

dissolved in 4 g of DCM and then mixed with 40 g of 5.83 wt% PVA aqueous solution. The 

solution was then emulsified with a Silverson electronic rotor-stator mixer (L5M-A) for 40 mins 

at 10000 rpm. The PDMS emulsion was then placed on a hot plate and magnetically stirred 

(200 rpm) in a fume hood at 50 °C for 8 hours to evaporate DCM and cure PDMS 

submicrobeads.  

After curing, 20 g of DI water was added to the PDMS submicrobeads. This solution was 

then centrifuged for 40 mins at 14000 rpm (Dynamica, Velocity 18R centrifuge). After 

decanting the supernatant of the PVA aqueous solution away, PDMS submicrobeads were left 

as sediment. 60 g of DI water was added to the PDMS submicrobead sediment, and the mixture 

was ultrasonicated for 2 mins to disperse the submicrobeads. The suspension was centrifuged 

again at 14000 rpm for 15 mins, and the PVA aqueous solution was decanted away. The 

centrifuge-ultrasonication-wash process was repeated 3 times to remove PVA and form a 

sediment of PDMS submicrobeads. For the insulating layer in the microscale pressure sensor, 

the sediment (500 mg/mL) was put into a 10 mL plastic syringe as ink for direct writing. At this 

high concentration, the suspension displays a gel-like behavior and can be 3D printed. 

Production of graphene oxide in a packed-bed electrochemical reactors: EGO was 

synthesized in a custom-made 3D printed packed bed reactor as reported previously [29], except 
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that the starting graphite was pre-sieved to remove particles less than 300 µm in diameter. To 

synthesize the EGO, in brief, 3.95 g of sieved graphite flakes were loosely packed without 

binder into a rectangular compartment forming an electrochemical cell. At the bottom of the 

compartment, the graphite contacted a BDD working electrode that formed the base of the cell. 

The surface area of the graphite bed touching the working electrode was 12.15 cm2. Glass fiber 

membranes were placed atop the graphite bed, and the graphite and membrane were pressed 

against the diamond electrode by a weighted plastic press. A coiled platinum wire counter 

electrode was placed within the cell above the graphite bed. The graphite was then oxidized 

with a constant current of 15.59 mA/cm2 in an 11.6 M sulfuric acid electrolyte. The reaction 

was allowed to run until the whole cell voltage reached 12 V (approximately 28 hours). The 

product was then removed from the reactor and thoroughly washed with Milli-Q water and 

resuspended to a concentration of ~6.8 mg/mL. 

After obtaining the EGO suspension, ~5 g of 30 wt% ammonia solution was added into a 

~100 g EGO suspension to increase the pH to 12. The basic EGO suspension was subjected to 

2 h of ultrasonication via an ultrasonic homogenizer (JY92-IIDN, Ningbo Scentz 

Biotechnology Co., Ltd, China). The exfoliated EGO suspension was centrifuged at 4400 rpm 

for 20 mins to produce an EGO slurry in the sediment. The EGO slurry was dispersed in 100 g 

DI water and centrifuged again at 4400 rpm for 20 mins to remove ammonia, resulting in EGO 

sediment with concentration of ~80 mg/ml 

Formulation of PDMS submicrobead/EGO nanocomposite ink: The nanocomposite ink for 

DIW was prepared as follows. First, 7.5 ml of the as-prepared, ~80 mg/ml EGO aqueous 

suspension was mixed with 3.2 g of PDMS submicrobead sediment (~500 mg/ml) and 10 mg 

of Polysorbate 20 with a vortex mixer. Second, 0.6 g of PDMS pre-polymer was added to the 

aqueous solution. Next, the resulting composite was mixed using a planetary centrifugal mixer 

(DB-988, Foshan COXO Medical Instrument Co., Ltd, China) at 1500 rpm for 10 mins to 
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remove bubbles and obtain a homogeneous, gel-like mixture.  

Fabrication of SU-8 template: A 4-inch silicon wafer was first baked at 150 °C for 10 min 

on a hotplate for dehydration. Bisphenol A Novolac epoxy (SU-8 3010, MicroChem Corp., 

USA) was spin-coated onto the wafer (2000 rpm, 30 s), followed by soft baking for 5 min at 

150 °C and relaxation for 5 min. The Si wafer was then mounted onto the chamber of a 

photolithographic machine. The wafer was exposed to UV (λ = 365 nm, dose =150 mJ cm−2) 

for 150 seconds with a photomask having a microhole array, followed by 5 min of relaxation. 

After the UV exposure, the wafer was further baked at 100 °C for 3 min and relaxed for 5 min. 

Subsequently, the UV-exposed SU-8 layer was developed using an SU-8 developer (Microchem 

Corp, USA) for 5 min, followed by rinsing with isopropyl alcohol and blow-drying with 

nitrogen. The SU-8 film was hardbaked again at 150 °C for 10 mins to produce an SU-8 

template. Finally, the substrate was rinsed with deionized water and blow-dried with nitrogen.  

DIW of wearable macro-strain sensor and micro-pressure sensor: The PDMS 

submicrobead/EGO nanocomposite ink was printed using an nScrypt 3Dn-300 printer equipped 

with two SmartPumps and ceramic nozzles with tip diameters of 50, 100 or 200 µm. The 

wearable, macro-strain sensor was printed with the 200 µm nozzle, and the small micro-sensor 

was printed with the 100 μm nozzle. The open travel distance of the valve rod was 0.6 mm, and 

the extrusion air pressure was adjusted to ~4.5 psi for the large-scale sensor and ~8.0 psi for the 

smaller/micro-pressure sensor. For fabrication of the macro-strain sensor, the ink was extruded 

on an SU-8 template held in place by the 3D printer’s vacuum stage. For fabrication of the 3D 

microsensor, inks were extruded onto a silicon wafer and allowed to warm to 50 °C on the 3D 

printer’s hotplate.  

After DIW, the SU-8 template with printed sensor component was placed in an oven in air 

at 50 °C for 2 hours to evaporate the water and cure the liquid PDMS. Then, the sensor was 

place in an oven at 200 °C in air for 1 hour to thermally anneal the EGO and increase its 
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conductivity. Next, silver paste and silver conductive connection wire were bonded onto the 

sensor. Lastly, 5 g of PDMS pre-polymer was drop cast onto the SU-8 template and cured with 

the sensor component at 50 °C for 1 hour.  

Fabrication of control PDMS polymer/EGO nanocomposite: PDMS polymer/EGO 

nanocomposites (without submicrobeads) were prepared by a solution compounding method at 

room temperature. An ultrasonicated EGO suspension (described above) of roughly 6.8 mg/mL 

was centrifuged at 4400 rpm, and the sediment (80 mg/ml) was freeze dried to produce an EGO 

aerogel. The aerogel was reductively deoxygenated by thermally annealing at 200 °C in air for 

1 hour.  Then, 400 mg of the annealed EGO aerogel was ultrasonicated in 90 g THF for 20 mins 

to prepare an annealed EGO/THF suspension. Subsequently, this suspension was mixed with 

liquid PDMS pre-polymer. Different ratios of the EGO/THF suspension and PDMS pre-

polymer were mixed to achieve EGO mass loadings from ~0.4 to 4.0 wt%. After high shear 

mixing for 10 mins at 5000 rpm, the suspension was poured into a mold. The mixture was 

heated at 60 °C for 2 hours in air to evaporate the THF and cure the PDMS.  

Materials characterization: Scanning electron microscope (SEM) micrographs were 

obtained using a Joel JSM-7500FA microscope (Jeol Ltd., Japan) with an accelerating voltage 

of 15 kV. Atomic force microscopy (AFM) images were collected with a Bruker Dimension 

Icon AFM using peak force tapping mode. Thermogravimetric analysis (TGA) of EGO, PDMS 

submicrobead/EGO nanocomposite samples was performed on a Netzsch STA 449F3 analyzer 

(NETZSCH group, Germany) in a 20% oxygen/80% argon environment. XPS data was 

acquired using photon energy of 1486 eV from the Soft X-ray Spectroscopy beamline at the 

Australian Synchrotron with a SPECS Phoibos 150 hemispheric analyzer. Binding energies of 

all XPS spectra were calibrated using a clean gold foil in electrical contact with the samples.  

An Anto Paar MCR 702 MultiDrive rheometer was used to analyze the rheological properties 

of nanocomposite inks under ambient conditions. A solvent trap was applied to limit 
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evaporation during the measurements.  

Device characterization and testing: The surface morphology and the cross-sectional 

structure of the strain sensors were characterized with the Joel SEM described above with 

accelerating voltage of 15.0 kV. A digital source meter (Keithley 2604, Tektronix Inc., 

Beaverton, OR, USA) was employed to measure the resistance and change of resistance of the 

strain sensors under different loadings. Tensile strain was applied to the sensor with a 

programmable Instron 5567 system (Instron, Norwood, MA, USA) and simultaneous resistivity 

measurements were collected with the source meter under a constant voltage of 1 V.  

The sensor durability was investigated by applying cyclic loading at a frequency of 4 s per 

cycle; all sensors were stretched at strain values of 10% and 20%. The response time was 

recorded as the delay time between the loading start point and resistance change stop point [30]. 

The resistance change for the response time measurement was recorded while applying 2% 

tensile strain at a speed of 100 mm s-1. Pressure sensing performance was recorded by placing 

small pieces of glass weighing 20 mg, 30 mg, 45 mg, 75 mg or 95 mg and poise weights and 

metal bars weighing 1g, 2 g, 5 g, 10 g, 20 g or 40 g onto the sensor and recording the resistivity. 

As shown in Figure S15b, to avoiding a short circuit, a thin film of Parafilm was put on the 

sensor before placing the poise weight or metal bars. The dynamic response of the sensors was 

measured by taping the microsensors to a gloved finger and holding the sensor against the 

vibrating rubber head of a vortex mixer set to 300 rpm.  

3. Result and discussion   

To achieve a thixotropic ink capable of high-resolution DIW, we first improved the 

viscoelastic properties of PDMS by developing PDMS submicrobeads. These submicrobeads 

were subsequently integrated with our EGO nanofiller for printing a range of functional tactile 

sensors. 

190



 

 

3.1. Emulsion synthesis of polydimethylsiloxane (PDMS) submicrobeads 

PDMS submicrobeads were produced using an oil/water phase emulsion illustrated in Figure 

2a-b. A PDMS pre-polymer (base and curing agent)/dichloromethane (DCM) solution was 

initially mixed with a PVA aqueous solution, leading to phase separation. After high shear 

mixing, the PDMS/DCM solution was emulsified due to the surfactant properties of PVA. 

During the shearing process, the emulsion was pressed through the narrow gap between the 

stator and rotor blades [31, 32], where the turbulent shear forces created PDMS/DCM droplets 

of ~1 µm in diameter (Figure S1a). After evaporation of the DCM at 50 °C for 2 hour, the 

PDMS droplets were cured as submicrobeads and suspended in the solution.  

 

Figure 2. Ink components preparation and characterization. a-b) Emulsion synthesis of PDMS 

submicrobeads. (a) The PDMS pre-polymer in DCM and the surfactant PVA in the supernatant 

before mixing. After high shear mixing at 10000 rpm for 40 mins, the smooth dispersion shown 

in (b) evolves. c) SEM micrograph of packed PDMS submicrobeads after curing/drying. d) Size 
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distribution of the PDMS submicrobeads. e, f) AFM (e) and SEM (f) micrographs of EGO 

sheets after ultrasonication. 

The SEM micrograph and size distribution of these submicrobeads is shown in Figure 2c 

and Figure 2d, respectively. The submicrobeads have a mean diameter of 836 ± 583 nm (mode 

of 459 nm). The solvent, DCM, plays a key role in reducing the lateral dimension of the 

submicrobeads. Because it can effectively reduce the viscosity of the PDMS pre-polymer 

solution [33], it facilitates droplet shearing down to submicrometer size [34]. PDMS pre-

polymer has a higher viscosity without the DCM solvent (3.5 Pa·s at a shear rate of 10 s-1) [35], 

compared to its viscosity with DCM (4.1×10-4 Pa·s) [36]. Without DCM, the average size of 

PDMS beads was ~3.6 µm (Figure S1).  

3.2. Synthesis and ultrasonic exfoliation of EGO 

Electrochemistry has recently been shown to be a promising method for the production of 

graphene oxide (GO) from natural flake graphite [37, 38], capable of overcoming many of the 

limitations of the chemical GO route [39]. We chose EGO as a practical nanofiller because its 

synthesis is relatively low-cost and scalable and because it has a notably high conductivity after 

low-temperature thermal annealing [29]. EGO for the current study was synthesized in our 

recently reported 3D printed packed bed reactor (Figure S2) [29]. Here, graphite flakes are 

anodically oxidized, resulting in graphite oxide that can be readily exfoliated to few-layer 

graphene oxide.  

In this case, the electrochemically-produced graphite oxide was exfoliated by ultrasonication 

for 2 hours, reducing the lateral flake dimensions to a size suitable for extrusion through nozzles 

as small as 50 µm. Typical SEM and AFM micrographs of the EGO are presented in Figure 2e 

and Figure S3. Particle size and thickness analysis indicates that most EGO sheets have average 

lateral dimensions of 0.77 µm and few layer or single layer thickness (Figure S3g-h). The XPS 
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C 1s spectrum (Figure S4a) shows the presence of hydroxyl or epoxide groups (C−OH or 

C−O−C), and carbonyl (C=O) and carboxyl groups (COOH). The XPS survey spectrum in 

Figure S4b suggests a C/O ratio of ~3.67. 

3.3. Formulation of printable PDMS submicrobead/EGO nanocomposite ink  

The nanocomposite ink was comprised of PDMS submicrobeads (14.2 wt%), EGO (5.3 

wt%), PDMS pre-polymer (5.3 wt%), Polysorbate 20 (0.09 wt%) and water (75.2 wt%). 

Suspensions of PDMS submicrobeads and EGO sheets were mixed, and Polysorbate 20 was 

then added. Polysorbate 20 is a nonionic amphiphilic surfactant containing hydrophilic and 

hydrophobic moieties [40]. In the mixture, the Polysorbate 20 surfactant can also adsorb to the 

PDMS submicrobeads and EGO sheets, leading to a stabilization effect [23]. Next, PDMS pre-

polymer was incorporated with a centrifugal mixer. PDMS pre-polymer would bind with PDMS 

submicrobeads/EGO sheets with the assistance of Polysorbate 20. PMDS pre-polymer will wet 

the surface of PDMS submicrobeads/EGO sheets. This will lead to the agglomeration of PDMS 

submicrobeads/EGO sheets and create a sample-spanning network due to the strong capillary 

forces between PDMS pre-polymer and PDMS submicrobeads/EGO sheets (a possible particle 

structure in the dispersion is shown in Figure S5) [23].  In this nanocomposite, the PDMS 

submicrobeads/EGO sheets, PDMS pre-polymer and water respectively play roles as solid 

suspended particles, capillary bridge, and continuous medium. Ultimately, a homogenous and 

extrudable gel-like ink was developed.  

Rheological measurements were conducted at ambient temperature on the PDMS 

submicrobead/EGO nanocomposite ink. As shown in Figure 3a, the nanocomposite ink exhibit 

a typical shear thinning thixotropic fluid behavior; that is, the apparent viscosity decreased with 

increasing shear rate [41]. At a low shear rate of 0.009 s-1 the ink exhibited a high apparent 

viscosity of 1242 Pa·s. As the shear rate is increased to 0.881 s-1, the shear stress was 42.54 Pa 

(Figure 3b), and the apparent viscosity was reduced to 48.3 Pa·s (Figure 3a). This shear thinning 
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behavior is essential to ensure a smooth flow of ink. The ink was able to easily flow through 

the 3D printer’s nozzles (50-200 μm) and form extruded filament with diameters ranging from 

50 to 200 µm. Examples of these extruded filaments are shown in Figure S6. 

 

Figure 3. Ink rheology and thermal annealing. a) Apparent viscosity as a function of shear rate. 

b) Shear stress as a function of shear rate. c-d) The shear modulus as a function of shear stress 

(c) shear strain (d). e) Photograph of a syringe containing PDMS submicrobead/EGO 

nanocomposite ink, which does not flow without external pressure. f) Volume resistivity a 

function of thermal annealing at 200 °C in air of the composite ink at 0.83 vol% EGO. g) 

Volume resistivity after thermal annealing (200°C for 1 hour) as a function of EGO volume 
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fraction. h) SEM micrograph of cured ink consisting of EGO-encapsulated PDMS 

submicrobeads. 

The rheological behavior of the ink was further elucidated by comparing its elastic/storage 

modulus (G') and viscous/loss modulus (G'') in Figure 3c and d. At a low shear stress of 11.9 

Pa, the ink exhibited higher G' of ~2500 Pa than G'' of ~550 Pa (Figure 3c). Correspondingly, at 

a low shear strain of 0.02, G' was ~3200 Pa, and G'' was 770 Pa (Figure 3d). This elastic solid 

like behavior (higher storage modulus at low shear stress and low shear rate) ensures the ink is 

able to retain its structure after printing [21]. At a high shear stress of 49 Pa, G' drops 

dramatically and eventually becomes lower than G'' (Figure 3c). The results in Figure 3c and d 

indicate that the ink exhibits liquid-like behavior at high shear stress, as G' is slightly lower 

than G'', but returns to a solid-like material at low shear stress.  

For DIW, the gel-like nanocomposite ink was loaded into a syringe (Figure 3e) and extruded 

onto a substrate heated to 50 °C. During the heating, the water solvent evaporated quickly and 

the PDMS binder was cured. Note that the PDMS submicrobeads were key to the printability 

of the final ink. These fillers increase the ink’s viscosity while still allowing for shear thinning 

behavior due to the free movement of individual beads. The beads’ size allows for extrusion 

through very small direct writing nozzles. As a general rule, dispersed nanomaterials’ largest 

dimension should be less than ~1/50 of the nozzle diameter to avoid clogging effects, a criterion 

met here [42]. Moreover, these submicrobeads can uniformly disperse in suspension for more 

than 1 month, which helps to ensure the ink’s homogeneity throughout printing and storage. 

The ink has the further advantage of being water-based, containing no cytotoxic solvents, and 

requiring only low temperature cure. 

3.4. Electrical properties and thermal response of the cured ink 

Moderate thermal annealing can deoxygenate GO/EGO and enhance its electrical 
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conductivity [29]. A relatively low temperature of 200 °C was applied to the printed features 

for a variable amount of time (10 to 70 mins). During this annealing, EGO sheets were 

deoxygenated and increased in hydrophobicity [43]. Due to increased hydrophobic interaction 

[44], the EGO sheets closely wrapped PDMS submicrobeads, as shown in Figure S7. After 60 

mins annealing, the volume resistivity of the PDMS submicrobead/EGO nanocomposite ink 

(0.83 vol% EGO) was reduced from ~40.0 to ~1.61 kΩ·cm (Figure 3f).  

The EGO volume fraction is the major determinant of the electrical conductivity and 

piezoresistivity of the inks. The relationship between EGO volume fraction and nanocomposite 

volume resistivity (Figure 3g) exhibited typical percolation threshold behavior. A power law 

(Equation 1) was used to fit the data [30]: 

𝜎𝜎 = 𝜎𝜎0 �𝑉𝑉𝑓𝑓 – 𝑉𝑉𝑐𝑐�
𝑡𝑡
      (1) 

where σ is the electrical conductivity of the cured inks, σ0 is the power law constant, Vf  is 

the EGO volume fraction, Vc is the filler critical EGO volume fraction at the percolation 

threshold, and t is the universal critical exponent. Based on the fitting, Vc was found to be 0.72 

vol% and t was 4.45. At 0.72 vol%, the resistivity reduced by six orders of magnitude due to 

the formation of an electrically conductive network. The conductivity of composites near the 

percolation zone tends to exhibit higher sensitivity to applied strain [5, 45], so we chose the ink 

composed of 0.83 vol% EGO. This exhibited a volume resistivity of ~1.66 kΩ·cm after thermal 

annealing at 200 °C for 1 hour in air. 

The composite’s relatively low percolation threshold is associated with the submicrobead-

based structure. At 0.83 vol%, EGO sheets connect with each other around PDMS 

submicrobeads, forming an interconnected conductive network (Figure 3h). A control ink 

without pre-curing the PDMS into submicrobeads had a higher percolation threshold 

(1.63 vol%; Figure S8).  
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The thermal response of the ink after annealing at 200 °C for 1 hour was compared with a 

similarly annealed EGO film using thermogravimetric analysis (TGA) (Figure S9). The 

thermally annealed EGO had two temperatures where large mass loss was observed, one at 

300 °C, presumably due to loss of remaining oxygen-containing groups, and a second at 600 °C, 

due to thermal decomposition of carbon atoms. PDMS submicrobeads were able to withstand 

heating to 300 °C with limited weight loss [43].  

3.5. DIW fabrication and testing of wearable tactile sensors  

A pressure-driven syringe-style 3D printer was used to directly write the wearable tactile 

sensors. The PDMS submicrobead/EGO ink was extruded onto a microporous polymer 

template (made using SU-8 epoxy, shown in Section 10 of the Supplementary Material). After 

the printed part was set and thermally annealed, PDMS pre-polymer was poured over the 

printed sensing component. The PDMS seeped into the micropores of the SU-8 template (in the 

areas not already filled with ink) and encapsulated the printed parts. After attaching electrodes 

and curing, this resulted in a robust silicone sensor patch with an array of micropillars on one 

side (Figure 4a). The fabrication procedure is illustrated in Figures S10-S11. The micropillars 

act as a dry adhesive, allowing the sensor to durably attach onto human skin via van der Waals 

forces.  
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Figure 4. Wearable, stretchable strain sensing patch images and characterization. a) The macro-

size strain sensor attached to the forearm. SEM images show the underside of the sensor where 

it attaches to the skin, including a segment of the patch containing the printed ink (left panel) 

and a section containing pure PDMS (right panel). b) Relative resistance change of the sensor 

versus applied strain. c-d) Resistance change over 1000 cycles for tensile strains of 10% (c) and 

20% (d) of the original length at a frequency of 0.25 Hz (four seconds per cycle); bottom panels 

show the enlarged view of the data in the initial and final 10 cycles. The resistance change is 

measured as a percentage of the resting/baseline resistance. 
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Under tensile loading, the sensor exhibits piezoresistivity due to the change in connectivity 

in the EGO network. The sensitivity of this piezoresistivity was evaluated by a gauge factor 

(GF), calculated as: 

GF = 
𝛥𝛥𝛥𝛥/𝛥𝛥0
𝜀𝜀

           (2) 

where ΔR is the resistance change of the sensor under strain, R0 is the resistance prior to 

straining, and ε is the applied strain. Under tensile loading, EGO sheets flatten and slide across 

each other with deformation of the PDMS, in a mechanism similar to that previously described 

[15, 46, 47]. EGO sheets closely associate with PDMS submicrobeads as well as the PDMS 

binder/scaffold due to hydrophobic interactions [48]. As the PDMS is stretched, the EGO will 

stretch along with it. Linear changes in the scaffold lead to linear increases in ohmic resistance 

within a certain strain region. The sensor can therefore show an approximately linear response 

in resistivity up to 40% tensile strain with a gauge factor of 20.0 ± 2.8 (Figure 4b).  

The sensor also exhibits high durability, as shown in Figure 4c and d. It responds to cyclic 

tensile strain with remarkable stability and reproducibility during 1000 cycles of 10% and 20% 

strain at a frequency of 0.25 Hz. The resistance change curves of the first and last 10 cycles are 

similar, confirming the consistent response to load. Furthermore, the strain sensor exhibited a 

rapid response (83 ms) to initial strain (Figure S12). 
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Figure 5. Examples of applications of the wearable strain sensor. Real-time monitoring of 

human motion associated with a) elbow bend, b) finger touch, c) finger bend and d) ulnar 

arterial pulse. The resistance change is measured as a percentage of the resting/baseline 

resistance. 

The wearable sensors can be adopted for real-time monitoring of various human movements. 

The sensor detected strain from elbow bending (Figure 5a) and finger touching (Figure 5b). The 

sensor can also detect a minor strain from slight finger bending (Figure 5c). Lastly, due to the 

dry adhesive substrate’s robust, conformal contact with the skin, even slight strain from a pulse 

at ~1.3 beats per second can be clearly detected by the sensor (Figure 5d). The current strain 

sensor performance is comparable to state-of-the-art flexible strain sensors currently reported 

(Table S2). Notably, in contrast to previous direct written sensors, the current sensors exhibited 

a linear response to large tensile strain (40%), fast responsivity (83 ms) and high sensitivity to 

wrist pulse. Moreover, compared with previous metal-based nanofillers such as silver, the use 

of relatively inexpensive and mass-producible EGO is an advantage for the application of these 
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types of devices.  

3.6. 3D DIW of multi-layered and multi-component microsensors 

Many stretchable strain sensor are based on essentially planar morphologies [14, 49-51] 

which lack sensitivity in the out-of-plane direction (i.e. the z-direction) [17, 52-54]. 3D printing 

can introduce anisotropy in the z-direction to improve z-direction sensitivity. To compare the 

effect of the three-dimensional structure, three different strain sensors were 3D printed: a single-

layer and triple-layer sensor composed of the nanocomposite ink only, as well as a triple-layer 

sensor where two layers of nanocomposite ink sandwiched an insulating layer of pure PDMS 

submicrobeads. For this insulating layer, a centrifuged PDMS submicrobead suspension 

(without the EGO or surfactant) with a concentration of 500 mg/ml was used (as described in 

the Experimental Section and Section 14 of the Supplementary Material). Using multi-material 

printing of the nanocomposite ink and PDMS submicrobeads, we integrated various functional 

components into the microsensors. To demonstrate the utility of the conductive ink for very 

high resolution DIW, the sensors were printed with a 100 µm nozzle. The top view and side 

view of the printed sensors are shown in Figure 6a−f.  

The pressure sensitivity of the sensors was first measured. The pressure sensitivity can be 

defined as [52]:  

S = 
𝛥𝛥𝛥𝛥/𝛥𝛥0
𝛥𝛥𝛥𝛥

      (3) 

where ΔR is the resistance change of the sensor under strain, R0 is the resistance prior to 

straining, and ΔP is the applied pressure. The pressure sensitivity of the microsensors was 

measured by placing small pieces of glass (Figure S15a) or metal weights (Figure S15b) onto 

the sensor surface. As shown in Figure 6g−i, when a pressure was applied to the top of the 

single-layer sensor or triple-layer sensor with PDMS insulating layer, the resistance increased. 

Based on the application of 1.178 kPa, sensitivities of 0.08, 0.11 and 0.31 kPa-1 were recorded 
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for the single-layer, triple-layer sensor and triple-layer sensor with insulator, respectively. 

Notably, the triple-layer sensor without insulating layer exhibited a negative resistance change 

upon pressure loading. This is due to very small void spaces or “microgaps” between layers 

(Figure S16). As shown in Figure S16b, these microgaps consist of several holes several 

micrometer in diameter. Upon pressure loading, the microgaps between layers are closed as the 

adjacent layers are compressed. As the layers come into contact with each other, additional 

conductive pathways are formed, reducing the resistance [52]. Thus, the 3D morphology can 

be used to modify the mechanism of piezoresistivity. 
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Figure 6. SEM micrographs of top view (a, c and e) and side view (b, d and f) of the micron-
scale strain sensors. g-i) relative resistance change of the sensor (ΔR/R0) in response to 248 Pa, 
372 Pa, 558 Pa, 930 Pa, and 1.178 kPa pressures applied and removed in sequence. j-k) 
Resistance change of the sensors as a function of applied pressures between 0-500 kPa. m-n) 
Resistance response to the vibrations of a vortex mixer. The first column of images/data 
corresponds to the single-layer sensor, the second to the triple-layer sensor without insulating 
layer, and the third to the triple-layer sensor with insulating layer.   
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 Control of the 3D morphology can also be used to change the sensitivity of the sensor. 

Compared with the single-layer and triple-layer sensor, the triple-layer sensor is clearly more 

sensitive; for example, upon application of 248 Pa (Figure 6g and i), the resistance immediately 

increased to 0.55% of baseline for the single-layer sensor, but to 2% for the triple-layer sensor 

with the insulating layer. To explain this effect, in addition to the triple-layer sensor having a 

greater volume, it contains the insulating layer. The soft, insulating layer allows the topmost 

layer to press into it, deforming more than if it were pressed into the hard silicon substrate below 

it. This additional deformation can increase the resistance. 

The sensors are characterized by a very large operating range. In addition to slight pressure 

associated with a small glass piece (248 Pa, 20 mg) the sensors can also monitor much larger 

pressure loadings (at least 500 kPa, 40 g). Figure 6j-l shows the typical resistance response 

curve of microsensors with progressively increasing pressure loading. Each response curve is 

composed of a low-pressure and high-pressure regime.  At lower loadings (less than ~12.4 kPa), 

resistance rapidly and linearly increases. The fitted sensitivities are 0.033 kPa-1 (single-layer 

sensor), 0.088 kPa-1 (triple-layer sensor) and 0.134 kPa-1 (triple-layer sensor with insulating 

layer) for the low pressure region. The mechanism behind these resistance changes is likely 

multifaceted. At low pressures, EGO sheets deform to generate the initial resistance change, 

and the sheets slide past each other, following the strain. The overlap area between EGO sheets 

reduces, resulting in a decrease in electron carrier density. Further increase of applied pressure 

can deform the PDMS submicrobeads, disconnect EGO sheets, and change the morphology of 

small voids in the material (micro-dimples, shown in Figure S17). As pressure transitions to the 

second regime, resistance increases linearly following the pressure-induced morphological 

changes in the bulk PDMS matrix.  

To demonstrate the temporal resolution of the sensors, the microsensors were glued onto the 
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fingertip of a glove (Figure S18a) and used to monitor the high-frequency vibration of a vortex 

mixer (Figure S18b). The recorded pressure signal (Figure 6m-o) had a frequency of 5 Hz, 

matching the set vibrations of the vortex mixer (300 rpm setting). The amplitude and waveform 

of the triple-layer sensor with insulator was more consistent and contained less noise than the 

other sensors. This stability can be attributed to the slight cushioning effect of the PDMS 

submicrobead layer. 

These results provide two important proofs of concept. Firstly, compared with traditional 

fabrication technologies, 3D DIW is able to accurately control the deposition of ink and can 

create unique, high-resolution features such as microgaps. Secondly, with multi-material 

printing, we can integrate various functional components, such as the PDMS submicrobead 

layer, into the 3D sensor. This precise control over the structure of the sensor allows us to 

manipulate its function. Engineering in tiny heterojunctions between materials allows us to 

modulate the mechanism and magnitude of piezoresistivity.  

Notably, the printed sensors are extremely thin. The single layer sensor is only ~100 μm 

thick, yet still has excellent sensitivity and operating range. To the best of our knowledge, this 

is the thinnest flexible strain sensor that has been 3D printed (Table S2, Section 13 of the 

Supplementary Material). This miniaturization is possible not only because of the high 

resolution of the printer, but equally because of the unique ink properties. The viscoelasticity 

imparted by the submicrobeads prevents the ink from splaying on the build platform, 

maintaining the printer’s inherent resolution. Moreover, unlike previously reported 

microporous or sponge-like printed inks [11, 49, 55], the current PDMS is relatively dense. This 

compact and conductive microstructure allows the filament to be very small, yet still show high 

piezoresistivity.  
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4. Conclusion 

We have developed the first 3D extrudable PDMS/graphene aqueous ink based on a PDMS 

submicrobeads/EGO nanocomposite, which enables high-resolution 3D DIW of strain sensors 

with strong performance at both large and minute length scales. To overcome the challenge of 

printing PDMS, rheology-tuning PDMS submicrobeads were developed. The nanocomposite 

ink contains PDMS submicrobeads, EGO sheets and PDMS prepolymer. Owing to the binding 

effect of PDMS prepolymer and agglomeration of PDMS submicrobeads/EGO, the ink 

possessed viscoelastic behavior, is flowable at high shear stress, and possesses high storage 

moduli to maintain its structure after extrusion. Due to the unique viscoelastic behavior and 

suitable size of PDMS submicrobeads/EGO, the ink can be easily extruded through a nozzle 

with diameter as small as 50 µm. We 3D printed the ink into several tactile sensing devices. A 

pocket-sized, flexible, stretchable, wearable strain sensing patch demonstrated high linear 

sensitivity (gauge factor 20.3) at a high tensile strain of 40%, short response time (83 ms) and 

robustness (1000 tensile cycles).  Further, DIW was used to produce some of the smallest and 

thinnest reported flexible micro-strain sensors with high resolution (100 µm), excellent 

sensitivity (0.3 kPa-1) and operating range (0-500 kPa). Multi-material printing was used to 

control the interface between printed materials at the micron-scale and to enhance the function 

of the sensors. The nanocomposite ink and DIW approach developed here demonstrates a 

practical path towards miniaturization and micro-manipulation of flexible tactile sensors. 
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1. Size distribution of PDMS microbeads  

 
Figure S1. a) Size distribution of PDMS/dichloromethane droplets and b) size distribution of 

PDSM microbeads and b) SEM micrograph of PDMS microbeads. 

 

After shearing, the droplets of PDMS dissolved with dichloromethane have sizes ranging from 

500 to 2800 nm. Most of them have sizes around 1000 nm. Shearing the PDMS without DCM 

solvent led to large diameter microbeads with the average size of ~3.6 µm, shown in Figure S1. 
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2. Packed bed electrochemical reactor used for electrochemical graphene oxide (EGO) 

synthesis 

 
Figure S2. Images of the packed bed electrochemical reactor described by Lowe et al. [1], 

used to synthesize EGO in this work. a) Photograph of the assembled reactor. b) Cross-

sectional, exploded view of the reactor. 

 

The reactor was fabricated by 3D printing polypropylene. The polypropylene compartment has 

a base area of 12.15 cm2. Graphite flakes were loosely placed at the bottom of the rectangular 

compartment and electrically connected to a power supply though a boron doped diamond 

working electrode under a weighted pressure (Figure S2a). A coiled platinum wire counter 

electrode was placed within the cell above the graphite flakes (Figure S2b).  
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3. AFM and SEM micrographs of electrochemical graphene oxide sheets 

 
Figure S3. AFM and SEM characterization of EGO after ultrasonication. (a-c) AFM and (d-f) 

SEM micrographs of EGO spin coated onto Si/SiO2 wafer. g) Sheet layer number distribution 

derived from AFM micrographs. h) Sheet lateral size distribution derived from SEM 

micrographs. Distributions are based on 75 randomly selected flakes. 
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4. XPS spectrum for exfoliated electrochemical graphene oxide 

 
Figure S4. a) XPS C1s spectrum and b) XPS survey spectrum for the exfoliated electrochemical 

graphene oxide 

 

Deconvolution of the XPS C 1s spectrum (Figure S4a) reveals the presence of several 

components: C=C carbon in aromatic rings (at 284.5 eV), hydroxyl or epoxy group carbon 

(C−O/C−O−C at 286.3 eV), carbonyl carbon (C=O at 287.8 eV), carboxyl carbon (COOH at 

288.9 eV) and the π-π* satellite (at 290.4 eV). The atomic percentages of these components are 

indicated in Table S1. According to the survey spectra of Figure S4b, the C/O ratio is found to 

be ~3.67.  

 

Table S1. The atomic percentages of five components in the exfoliated electrochemical 

graphene oxide  
Carbon functional group Atomic percentage 

C=C 58.75 

C-O/C-O-C 31.91 

C=O 4.01 

COOH 2.42 
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5. Schematic structure of the PDMS submicrobead/EGO nanocomposite ink 

 
Figure S5. Proposed structure of PDMS submicrobead/EGO nanocomposite ink 

6. SEM micrographs of extruded PDMS submicrobead/EGO nanocomposite ink 

 
Figure S6. SEM micrographs of extruded PDMS submicrobead/EGO nanocomposite 

lines with the following widths: a) 200 µm, b) 100 µm, and c) 50 µm.  
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7. SEM micrograph of cured PDMS submicrobead/EGO nanocomposite 

 
Figure S7 High resolution SEM micrograph of cured nanocomposite ink consisting of EGO-

encapsulated PDMS submicrobeads. 

8. Electrical resistivity of the control EGO/PDMS nanocomposites 

 
Figure S8. Electrical resistivity of the control (without submicrobeads) PDMS with EGO 

nanocomposite 

Figure S8 illustrates the electrical resistivity of PDMS/EGO nanocomposites as a function of 

EGO volume fraction, where the PDMS was not previously formed into submicrobeads. A 

pronounced drop in volume resistivity is observed when increasing the EGO volume fraction 

from 1.0 to 2.0 vol%. After fitting the measured values with a power law model, the percolation 

threshold was found to be ~1.63 vol%.   

 

 

 

219



9. TGA curves of PDMS submicrobead/EGO nanocomposite ink and thermally annealed 

EGO 

 
Figure S9. TGA curves for heating PDMS submicrobead/EGO nanocomposite ink and pure 

thermally annealed EGO in 20% oxygen/80% argon environment at a 5 K/min heating rate. 

 

10. Fabrication of SU-8 template 

 
Figure S10. a−c) Schematic of the fabrication process of the SU-8 template with microholes. 

SEM micrographs of d) side view and e) top view of the SU-8 template.  

 

The general fabrication process of the SU-8 template with an array of microholes is illustrated 
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in Figure S10a−c. Initially, SU-8 photoresist was spin coated on the silicon to produce an SU-

8 film (Figure S10a). Then, a mask was placed over the SU-8 film, and it was exposed to UV 

light, causing the SU-8 to cross-link and form a microhole pattern (Figure S10b).  After UV 

exposure, the SU-8 film was developed and baked again to produce a template with microholes 

(Figure S10c). SEM micrographs of the SU-8 template show the uniformly patterned 

microholes (Figure S10d and e).  

11. Schematic of fabrication procedure of wearable macrostrain sensor 

 
Figure S11. Fabrication procedure for the wearable macrostrain sensor. 
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12. Response time of the wearable sensor 

 
Figure S12. Relative resistance change of the wearable tactile strain sensor as a function of 

time during a rapid tensile strain of 0.2%. The response time of 84 ms is highlighted. 
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13. Comparison of the DIW PDMS submicrobead/EGO nanocomposite wearable strain sensor with other piezoresistive strain sensors  

Table S2. Comparison of the performance of strain sensors 

Materials Fabrication method Deposition 

resolution† 

Maximum 
tensile strain 

Minimum 

detectable 

pressure 

Durability of 

sensor 

Gauge factor / 

(Pressure sensitivity) 

Reported 

minimum 

detectable 

human 

motion 

Response 

time 

Ref 

PDMS 
submicrobead/

EGO ink 

Direct ink writing • 200 µm (wearable 
patch) 

•~100 µm (micro-
pressure sensors) 

40% (wear-
able patch) 

0.248 kPa 
(micro-

pressure 
sensors) 

1000 cycles 
(wearable 

patch) 

20.8 (wearable 
patch) / 

(0.3 kPa-1; micro-
pressure sensor) 

Wrist 
pulse 

(wearable 
patch) 

83 ms 
(wearable 

patch)             

This 
work 

Ag nanoparticle/ 

silicone ink 

Direct ink writing 200 µm Not reported  100 kPa 100 cycles 180 Wrist pulse Not 

reported 

[2] 

Ag flake/ 

polyurethane 

Direct ink writing ~300 µm 30%,  2 MPa 1000 cycles 13.3 Elbow 

bending 

Not 

reported 

[3] 

Porous carbon 

black/polyure-

thane on Ag 

microflakes 

Direct ink writing 500 µm 50%,  <10 kPa 10,000 cycles 13.3 / (0.0048−5.54 

kPa-1) 

Wrist pulse 30 ms [4] 

Carbon 

black/polyure-

thane 

Direct ink writing ~300 µm Not reported 0.5 MPa 1000 cycles (0.0095−5.5 kPa-1) Bending 

knee 

Not 

reported 

[5] 

Carbon 

nanotube/PDMS 

Direct writing PDMS 

and sprinkling CNT 

~2 mm 30%,  Not reported 300 cycles 4.3 Wrist 

bending 

Not 

reported 

[6] 
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Commercial 

conductive 

carbon 

grease/silicon 

elastomer  

Embedded direct 

writing carbon 

grease into uncured 

silicon elastomer 

~500 µm 400%,  Not reported 5 cycles 3.8 Finger 

bending 

Not 

reported 

[7] 

Graphene textile Dip casting Not reported 15% Not reported 500 cycles 1.7–26 Wrist pulse Not 

reported 

[8] 

Silver nanowire/ 

PDMS 

Embedding  AgNWs 

inside PDMS 

Not reported 100% Not reported 100 cycles 32 Finger 

bending 

600 ms [9] 

Carbonized 

crepe paper 

Carbonizing crepe 

cellulose paper 

~2 cm 5% Not reported 10,000 cycles 3.69–10.1 Wrist 

bending 

115 ms [10] 

Graphite slice-

paper 

Pencil drawing 5 mm 0.6% Not reported 12 cycles 60–150 Finger 

bending 

110 ms [11] 

Silver 

nanowire/Gold 

nanowire-PDMS 

Embedding inside 

PDMS 

Not reported 40% Not reported 1000 cycles 5–236.6 Eyebrow 

motion 

Not 

reported 

[12] 

Carbon black 

polyurethane 

sponge 

Dipping 

polyurethane 

sponge in carbon 

black  

10 mm 60%  0.091 kPa 50,000 cycles (0.023 kPa-1) Wrist pulse 20 ms [13] 

†The resolution was defined as the width of the smallest printable or machinable part, e.g. the line width of printed lines. 
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14. PDMS submicrobead ink for direct writing  

To form an insulating PDMS layer, the water-washed PDMS submicrobeads were concentrated 

via centrifugation to ~500 mg/mL, at such high concentration, the suspension displays a gel-

like behavior (Figure S14a)). After water evaporation, these PDMS submicrobeads were tightly 

packed together (Figure S14b) and thus can form a 3D structure. 

 

 
Figure S14. a) Photograph of a syringe containing PDMS submicrobead aqueous suspension 

and b) SEM micrograph of aggregated PDMS submicrobeads. 

 

15. Measurement of pressure sensitivity of microsensors 

 
Figure S15. Photographs of the triple-layer microsensor with insulating separator pressed by a) 

a 20 mg small piece of glass or b) a poise weight with weight of 5 g.  
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16. SEM micrographs of a cross-section of the triple-layer strain sensors  

 
Figure S16. SEM micrographs showing the a) small gaps between layers of the triple-

layer strain sensor and b) microgap consisting of several microscale holes.  

17. SEM micrograph of microsensor surface 

 
Figure S17. SEM micrograph a small region of the microsensor surface. 

As the white ovals indicate, there are several microsize dimples on the surface of the 

microsensor. Under large pressures or tensile strain, these dimples would be deformed, 

resulting in resistance change in the microsensor.  
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18. Photographs of a microsensor with separator  

 
Figure S18. Photographs of a) microsensor glued on a rubber glove and b) using the 

microsensor to touch the vibrating mixing head of a vortex mixer. 
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The aim of the current thesis was to develop a new reactor model for 

electrochemical graphene oxide (EGO) synthesis and demonstrate its applications. 

This aim has been accomplished, with the packed bed model being thoroughly 

characterised, the fundamentals of graphite oxidation better understood, and the 

utility of EGO for composite materials demonstrated. The major conclusions of this 

work are summarised in this chapter, followed by a discussion of its overarching 

themes and future directions. 

6.1 Key findings 

Chapter 2 

We began the enterprise of improving EGO synthesis by introducing the packed 

bed electrochemical reactor. In this chapter, we explored and optimised the key 

parameters relevant to the packed bed, including the electrolyte acid 

concentration, applied current, working electrode substrate, and graphite loading. 

It was found that using boron-doped diamond as the working electrode substrate 

was important for directing the reaction towards graphite oxidation. The 

temporal-spatial progression of the reaction was studied. It was found that there is 

a reaction front that starts at the area closest to the bulk solution and counter 

electrode and moves away from that point. The graphite first converts to a lower 

stage graphite intercalation compound and then to EGO. The utility of this EGO for 

lithium ion battery cathodes was demonstrated. 

Chapter 3

This effect of the electrolyte acid concentration was explored in detail in Chapter 2. 

It was found that relatively concentrated sulfuric acids electrolytes (greater than 

or equal to around 10 M) enhanced intercalation and oxidation, while more dilute 
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acids produced a more amorphous and conductive form of EGO. The capacity of the 

electrolyte for water splitting helps explain these results. Dilute acid experiments 

were dominated by heavy oxygen evolution, which may play a role in oxidising the 

graphite under those conditions. 

Chapter 4 

The packed bed paradigm was further developed in Chapter 3. Using expanded 

graphite led to EGO that was more oxidised, more solution dispersible, but less 

conducting than flake graphite-derived EGO. Furthermore, the fundamental 

challenge of limited solution diffusion in packed beds was addressed by 

incorporating bed irrigation. Adding an irrigation channel reduced the whole cell 

voltage, minimising solution diffusion resistance. We observed the potential 

oscillation phenomenon during galvanostatic graphite oxidation and related 

changes in the phenomenon to changes in the packed bed morphology. 

Chapter 5

Electrochemical graphene was, for the first time, incorporated into PDMS using a 

new PDMS pre-curing and emulsion strategy. The hydrophilicity of EGO allowed it 

to be mixed in a non-toxic, aqueous dispersion with polysorbate 20-stabalised 

PDMS submicrobeads. We took advantage of EGO’s thermal lability by 

deoxygenating the EGO in situ in the composite at 200 °C to render it conductive. 

EGO wrapped around the polymeric beads to form a conductive network at a low 

percolation threshold of 0.83 vol%. Together, these features highlight how the 

unique properties of EGO enable its use as a nanofiller in conductive polymer 

composites. We went on to use this polymer blend as an ink for direct ink writing 

of highly sensitive and miniaturised tactile sensors. 
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6.2 Overarching themes and significance of the work 

The current thesis lays the groundwork for the larger-scale production of EGO. 

While there are other literature methods for EGO synthesis, these methods require 

significant pre-processing steps (e.g. the use of graphite foil) or face unaddressed 

scalability issues. A strength of the packed bed is that it can accept natural flake 

graphite with no prior processing, dramatically streamlining the process (as 

detailed in the flow diagram in Chapter 2, Figure S1). High current efficiency, low 

material input costs, high yield, and non-toxic, aqueous reaction media are further 

advantages of this approach. At the same time, the product is useful for its tuneable 

conductivity and solution processability. 

Perhaps the most significant contribution of this work is the vivid illustration of 

the value of reactor engineering for graphene synthesis and electrochemistry. We 

have demonstrated how changing the chemical reactor changes the course of the 

electrochemical reaction. Previous efforts to electrolyse flake graphite with similar 

electrolytes have led to only poorly oxidised graphite or graphene [1-3], as the 

graphite flakes are prematurely shed from the electrode. Using a packed bed, the 

deep oxidation of graphite to dispersible graphite oxide becomes possible. We 

have showed that often overlooked reactor features such packed bed irrigation can 

have significant effects on the physical properties of the product. 

6.3 Future work 

There are several avenues for potential future work arising from this thesis. 

Firstly, to realise the goal of large-scale production, further scaling studies are 

needed. The lateral footprint of the reactor should be increased further. Bed 
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irrigation should be tested with flake graphite and with greater graphite loadings 

to find the limiting graphite loading density. 

Secondly, future work should aim to improve our understanding of the current and 

voltage in this system. In Chapter 1, we briefly looked at the effect of increasing the 

current density and, indirectly, the voltage. This study suggested the current could 

be increased to some extent. Further work is warranted, however, because 

increasing the current not only speeds up the reaction, but it almost certainly 

changes the product. Differences in the applied potential may explain chemical 

differences between our EGO and literature EGO products synthesised at higher 

voltage. 

Thirdly, other electrolyte systems might be examined. Although there have been 

dozens of different electrolyte combinations tested with graphite foils and rods, 

the effect of these electrolytes in the packed bed configuration is unknown. From 

an applied perspective, it would be useful to test non-acidic, and potentially less 

corrosive, electrolytes (e.g. salt solutions). 

Finally, the results raise interesting questions about the structure of EGO. We 

observe that EGO is more conducting and thermally labile than chemically-derived 

graphene oxide. Although we have tried to infer structural features from 

spectroscopic and physical property data (e.g. fewer hole defects), direct 

confirmation of such features using high resolution imaging such as STM would be 

elucidative. 
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