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II Abstract  

Abstract 

Graphene has emerged as a highly interesting material since it was experimentally isolated for the first time 

in 2004. This single-atom-thick nanosheet consisting of carbon atoms arrayed in a honeycomb pattern, 

displays outstanding physicochemical properties, including as an excellent conductor of heat and electricity, 

large specific surface area, and high mechanical strength. Therefore, graphene based materials are expected 

to have great potential for use in the fields of sensors, catalysis, and as electrode materials for energy storage 

and conversion. In order to link practical applications of graphene-based materials to real world, graphene 

nanosheets must be assembled into macroscopic architecture with desired structures and functionality. To 

this end, graphene oxide (GO) is a very useful building block because it contains a significant number of 

oxygen-containing groups on the planar surface and at the edges. These functional groups offer various 

possibilities for functionalization and assembly of GO nanosheets into 2D graphene films, papers or 

membranes with controlled macroscopic shapes. Resulting 2D graphene films/papers/membranes can be 

used as ideal scaffolds for the further incorporation of functional materials with specific desired functionality. 

The advantages of light-weight, high flexibility, large specific surface area, tough mechanical strength, and 

high electrical conductivity ensure graphene-based architectures holding a wide range of applications 

particularly associated with sensor and energy technologies.  

This PhD project is devoted to the synthesis, characterization and applications of graphene paper based 

nanomaterials for electrochemical sensors and energy conversion. The thesis is divided into three parts with 

8 chapters in total. In Chapter 1, we provide an overview of the functional macroscopic graphene materials 

covering three key aspects: a) how to prepare 2D graphene films/papers, b) how to functionalize them with 

either polymers or other nanoscale objects, and c) what are their promising applications in the fields of 

molecular sieving purification, biomimetics, as flexible substrates, sensors and electrochemical energy 

devices. This is followed by an outline of the main experimental techniques and means used in the project 

(Chapter 2). 

In Chapters 3-5, the focus is on graphene-Prussian Blue (PB) composite materials. GO or graphene paper 

was functionalized by PB nanostructures including nanoparticles and interlocked PB cubes. A wide range of 

advanced techniques such as XRD, XPS, TEM, and SEM were employed to characterize the nanocomposites. 

The nanocomposites were tested for the construction of high-performance, ultrasensitive and low-cost 

electrochemical sensors for detection of hydrogen peroxide (H2O2).  

Graphene paper was finally explored as a sacrificial template for the synthesis of 2D ultra-fined 

nanostructured porous metal oxide (MO), as described in Chapters 6-8. In Chapter 6, we demonstrated that 

crystalline MO can be prepared by using GO papers as sacrificial templates, and furthermore layer-by-layer, 

nonporous and ultrathin 2D CuO nanosheets were assembled into flexible and ultralight papers as a 

photocathode used for photoelectrochemical catalysis of hydrogen evolution reaction. In Chapters 7 and 8, 

CuO-ZnO hybrid nanosheets and NiO nanosheets were synthesized, characterized and used in the fabrication 

of non-enzymatic electrochemical sensors for high-performance detection of glucose and urea, respectively.
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III Abstract in Danish 

Abstract in Danish  

Grafen, en todimensional (2-D) sp2-hybridiseret type af kulstof, er blevet et af de mest interessante 

materialer, siden det blev opdaget i 2004. Denne enkelt-atom-tykke plade af kulstofatomer 

arrangeret i et bikubemønster udviser fremragende fysisk-kemiske egenskaber, nemlig fremragende 

ledningsevne for både varme og elektricitet og høj mekanisk styrke. Grafen udviser derfor stort 

potentiale til brug i sensorer, katalysatorer, elektroder, og i biologiske systemer m.v., og med videre 

udvikling af den teoretiske forståelse og praktiske anvendelse af grafen, vil dette materiale spille en 

væsentlig rolle for samfundet i moderne teknologi. Grafene-baserede materialer bør samles til 

makroskopiske arkitekturer med specifikke strukturelle og funktionelle egenskaber.  En oxideret 

form af grafen, grafenoxid (GO), har en masse iltholdige funktionelle grupper, som giver mulighed 

for funktionalisering og konstruering af 2-D grafenfilm/papir/membraner med forskellige 

makroskala former gennem forskellige fabrikeringsteknikker. Disse 2-D materialer kan anvendes 

som ideelle stilladser til indarbejdelse af andre funktionelle materialer for at opnå specifikke 

funktionaliteter. Fordelene ved lette, supra-fleksibilitet, stort overfladeareal, stor mekanisk styrke, 

og høj elektrisk ledningsevne sikrer grafene-baserede arkitekturer bred anvendelse.  

I denne afhandling gives først et overblik over funktionelle makroskopiske grafenematerialer ud fra 

tre synspunkter; 1) hvordan man forbereder 2-D grafenefilm/papir, 2) hvordan materialet kan 

funktionaliseres ved hjælp af enten polymerer eller nano-objekter, og 3) lovende mulige 

anvendelser af 2-D grafenfilm/papir som molekylær si til oprensning, biomimisk, fleksibelt substrat, 

sensorer og elektrokemiske energikomponenter. Derefter præsenteres arbejdet med grafeneoxid 

eller grafenepapir modificeret med preussisk blå nanopartikler og -kuber. Flere avancerede 

teknikker (XRD, XPS, TEM, SEM m.m.) blev anvendt til karakteriseringen af de fremstillede 

nanokompositter. Baseret på disse materialer blev nye, højtydende, ultrafølsomme og billige 

elektroder fremstillet og anvendt som elektrokemiske sensorer til detektering af hydrogenperoxid.  

Endelig blev grafenepapir designet som nedbrydelig skabelon for 2-D nanoporøse metaloxider (MO) 

via direkte dekomponering af GO-papir ved tilstedeværelse af metalioner. I kapitel 6 demonstreres, 

hvordan en række forskellige krystallinske MO kan fremstilles ved denne metode. Desuden blev 

lag-på-lag, nanoporøse og ultratynde 2-D CuO nanolag blev anvendt som i en fotocanode til 

energikonvertering. I kapitel 7 og 8 blev CuO/ZnO hybrid-nanolag og NiO nanolag designet som en 

ikke-enzymatisk sensor til højfølsom analytisk detektering af glukose og urea . 
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IV Abbreviations 

Abbreviations 

AFM  

AuNPs 

Au@PBNPs   

CV  

 

EIS  

ET  

GNSs  

GO 

GPS or GPs 

LSV 

MO 

PBNPs  

rGO or RGO 

rGO-PB 

 

SCE 

SEM 

TEM 

XPS 

XRD 

2D 

3D 

 

 

 

Atomic Force Microscopy 

Gold Nanoparticles 

gold@Prussian Blue Nanoparticles 

Cyclic Voltammogram or Cyclic 

Voltammetry 

Electrochemical Impedance Spectroscopy 

Electron Transfer 

Graphene Nanosheets 

Graphene Oxide 

Graphene Papers 

Liner Sweep Cyclic Voltammogram 

Metal Oxide 

Prussian Blue Nanoparticles 

Reduced Graphene Oxide 

Prussian Blue Functionalized Reduced 

Graphene Oxide 

Saturated Calomel Electrode 

Scanning Electron Microscopy 

Transmission Electron Microscopy 

X-ray Photoelectron Spectroscopy 

X-ray Powder Diffraction  

Two Dimensional 

Three Dimensional 
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V Highlight of the thesis contents 

Highlight of the thesis contents  

Part 1: Two chapters are included in this part. In this part, I mainly address recent advances 

in the design and fabrication of 2D graphene film/paper/membrane architecture and their potential 

applications as well as outline some key experimental methods. In the review of graphene papers 

related researches, we provide an overview of the functional macroscopic graphene materials from 

three aspects, i.e., how to prepare 2D graphene films/papers, how to functionalize them using with 

either polymers or nano-objects, and what they can be used in the fields of molecular sieving 

purification, biomimetics, as flexible substrates, sensors and electrochemical energy devices. The 

key instrumental methods including electrochemistry, electron microscopies, X-ray diffraction, X-

ray photoelectron spectroscopy and atomic force microscopy are briefly described, in relation to 

their working principles and main features.  

Part 2: There are three chapters in this part. In this part, I have explored the combination of 

redox active Prussian Blue (PB) nanostructures (e.g., interlocked PB nanocubes (Chapter 3) and 

core-shell Gold@Prussian Blue (Au@PB) nanoparticles (NPs) (Chapters 4 and 5) with chemically 

exfoliated graphene to prepare multifunctional composites as electrochemical catalysts and 

supercapacitor electrode materials. These nanocomposites were systematically characterized by 

AFM, SEM, TEM and XPS. The results confirmed that all PB nanostructures were combined well 

with graphene nanosheets. Furthermore, PB nanostructure functionalized graphene materials were 

fabricated into disposable paper sensors and supercapacitor electrodes. For example, Au@PBNPs 

hybrid GO suspension was filtered via layer-by-layer into functional GO paper, which was further 

converted into electrically conductive reduced GO (RGO)/Au@PB paper via hydrazine vapour 

reduction. Resulting sandwich functionalized graphene papers had sufficient conductivity and 

flexibility, and robust mechanical strength. For electrochemical measurements, the graphene paper 

was cut into free-standing electrodes. Such electrodes with the advantages of low cost and scalable 

production capacity, for example used as non-enzymatic electrochemical sensors, are of particular 

interest in the areas of flexible, disposable, simple and low-cost sensors. 

 

 

 

 

Highlight Fig.1 for part 2. 
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VI Highlight of the thesis contents 

Part 3: This part includes three chapters. Transition metal oxides (MO) as pivotal 

important muti-functional materials have been widely used for various purposes, such as 

sensors, catalysis and energy storage and conversion. It is noticed that the size, morphology 

and structure of MO materials can significantly influence their physical and chemical 

properties. Well-designed and ordered MO structures have been applied for research and 

assembled into smart devices, due to their unique properties and desired functionality. 

Among various structures, ultrathin 2D nanostructure is highly desirable to obtain superior 

catalytic, photovoltaic and electrochemical performance, since their large surface-to-

volume ratio and confined thickness in nanometer scale. Nanoporous structured MOs hold 

promise for their applications in adsorption, catalysis, energy conversion and storage, 

optoelectronic and as biological sensing platforms. Many efforts have been devoted to the 

synthesis and applications of MO materials with ultrathin or nanoporous structures for 

sensors and energy conversion and storage. However, design and control of ultrathin and 

nanoporous structured MO still are challenging. In this part, we have attempted to develop 

a novel method for preparation of 2D nanoporous MO by the GO paper templated 

synthesis. In Chapter 6, we demonstrated that crystalline MO nanosheets can be prepared 

using GO paper as a sacrificial template. Furthermore, layer-by-layer, nanoporous and 

ultrathin 2D CuO nanosheets were used to assemble photocathodes for 

photoelectrochemical water splitting. In Chapters 7 and 8, CuO/ZnO hybrid nanosheets and 

NiO nanosheets were synthesized, characterized and used as nonenzymatic sensing 

electrode materials for high performance detection of glucose and urea. 

 

Highlight Fig.2 for part 3. 
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Part 1. Overview of research on graphene papers and experimental 

materials and methods  

In Chapter 1, we present an up-to-date comprehensive overview of graphene-supported 

papers, with the emphasis on smart assembly, purpose-driven specific functionalization and 

some crucial applications associated closely with sensing, environmental and energy 

technologies.  Firstly, we give a brief introduction to graphene as a new building block and 

to the current status of researches on graphene papers. This is followed by addressing some 

crucial methods of how to prepare graphene papers. We then summarize multiple 

possibilities of functionalizing graphene papers, membranes or films. Finally, we evaluate 

some key applications of graphene papers in the areas of chemical/electrochemical sensors, 

bio-mimetics and energy devices. Followed the key techniques and theories that were 

applied in my research was briefly introduced in Chapter 2, as well as the detail of synthesis 

graphene oxide (GO) was presented.  

Chapter 1. Graphene papers or membranes for molecular sieving 

purification, sensors and energy devices 

Graphene has attracted much interest from physicists, chemists, and material scientists. 

Graphene is a two-dimensional (2D) sheet of carbon atoms in a hexagonal configuration 

with atoms bonded by sp
2
 bonds. In 2004, Andre Geim and Kostya Novoselov at the 

University of Manchester first isolated graphene nanosheets from bulk graphite using the 

Scotch tape technique
1
. Although being a strictly 2D material, graphene sheet is not fully 

flat, but rather exhibits ripples, which provide possible locations for nanoscale objects such 

as nanoparticles. Owing to the oxygenated functional groups on graphene oxide (GO) basal 

planes and at its edges, a hybrid structure is obtained, comprised of a mixture of sp
2
 and sp

3
 

hybridized carbon atoms
2, 3

. Several methods have been reported for the preparation of 

graphene, such as peeling-off graphite, liquid phase exfoliation
4-6

, chemical vapour 

deposition (CVD)
7-9

, reduction of GO (rGO)
10-12

, graphitization of silicon carbide
13

, 

unzipping carbon nanotubes
14, 15

, and bottom-up organic synthesis
16, 17

, These methods, all 

of which produce graphene with different size, shape, chemical composition, and 

environment, have different requirements for functionalization. Since 2004, graphene has 

been applied in electronics, energy storage and conversion (supercapacitors, batteries, fuel 
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cells, and solar cells), as well as in bioscience/biotechnologies because of its unique 

physicochemical properties: high surface area (theoretically 2630 m
2
•g

−1
 for single-layer 

graphene sheets), excellent thermal and electrical conductivity, and robust mechanical 

strength. 

      The mass production of high-quality GO  can be achieved by chemical oxidation and 

exfoliation of low cost graphite, based on a modification of the Hummers’ method, and a stable 

suspension of GO can be obtained by ultrasonic treatment of graphite oxide or GO in water, which 

is therefore a widely-studied precursor for the solution-processable synthesis of graphene based 

materials. The abundant hydroxyl and epoxy groups on the basal plane and the carboxyl groups at 

the sheet edges in the synthesis process provide the option for dispersion in water and these groups 

can also be replaced by other functional groups, which is a simple method to modify GO. In 

addition to chemically derived graphene, GO and reduced GO are promising building blocks to 

construct 2D graphene films/papers/membranes to obtain the collective, or enhanced, optical, 

electrical, and mechanical properties, which are multi-layered composite structures formed by a 

random stacking of GO platelets. 2D graphene films/papers/membranes are attractive candidates for 

novel applications and paper-like composites. It is difficult to use pristine graphene nanosheets as 

building blocks for a macroscopic assembly because of their low solubility in all solvents. The 

combined features of the planar structure and abundant processable groups of GO nanosheets allow 

the assembly of macroscopic architectures with hierarchical structures through various techniques. 

The resulting materials possess the advantages of lightweight, robust mechanical properties, and 

high electrical conductivity. Alternatively, graphene frameworks, with different macroscopic 

shapes, large surface areas, and high porosity, are ideal scaffolds for the incorporation of various 

functional guest nanomaterials, such as metals, semiconductors, and polymers, which enrich their 

functionalities and broaden the possibilities for their practical application. In this way, the synergy 

of the hierarchical structure and multifunctional components makes graphene-based macroscopic 

assemblies attractive candidates for a wide range of practical applications.  

     Intensive effort has devoted to assemble these well dispersed oxidized or chemically 

reduced (under controlled conditions, still water-dispersible) graphene nanosheets into 

membrane-shape ordered macrostructures, mainly through flow-directed assembly by filtration. 

Recently, molecular templates, Langmuir–Blodgett assembly, two-phase interfacial transfer and 

direct chemical vapour deposition have also been employed to obtain graphene-based or GO-based 

membranes on selected substrates, and these have been applied in water purification, sensing, and 
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energy devices. Fig.1.1 shows the results from a search of the publications as well as citations 

using the keywords “graphene paper or graphene membrane or graphene film” or “graphene oxide 

paper or graphene oxide membrane or graphene oxide film” from 2007 to 2015 using the Web–

of-Science database. It is clear that the fabrication and application of graphene papers have 

been attracting increasing interest in recent years. Some reviews of the preparation of 2D 

and 3D graphene materials and their applications as biosensors, membranes, and hybrid 

catalysts have been summarized in previous reports
18-21

. I think it is timely to focus on 2D 

graphene paper-like materials according to the recent advancements. The overall goal of this 

part is to provide a critical overview of our current understanding of freestanding graphene paper. 

We will discuss how to fabricate, characterize, and functionalize freestanding graphene paper. We 

will then focus on the applications of graphene papers in sensing, biomimetics, water purification, 

flexible substrates, and energy devices. Fig. 1.2 shows the outline of this chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Comparison of the annual number of scientific publications (a) and citations (b) using 

the keywords of graphene paper, graphene membrane, graphene film, graphene oxide paper, 
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graphene oxide membrane, or graphene oxide film, as searched on the Web of Science. To 

avoid mis-interpretation of the data, the number of publications (392) and citations (8963) for 

2016 (until 31
st
 July) is not included in the plots.  

 

Fig. 1.2 Overview of the preparation of graphene paper and its applications. 

1.1 How to prepare graphene paper 

A variety of methods for the preparation of graphene paper/film/membrane have been 

developed, with the main procedures being solution phase assembly, electrochemical 

deposition, and the CVD method, the details of which are discussed in the next section. 

1.1.1 Solution phase assembly  

Vacuum Filtration: To arrange GO sheets into well-ordered macroscopic structures, graphene 

paper was first fabricated by Ruoff’s group through a facile filtration method; similar to carbon 

nanotubes, GO sheets could be assembled into a paper-like material under a directional flow (Fig.1. 

3). Vacuum filtration of colloidal dispersions of GO sheets through an anodisc membrane filter 

yielded free-standing GO paper with thicknesses ranging from 1 to 30 mm after drying. The 

physical properties of GO paper have been reported in detail. This material is uniform when the 

thickness is greater than 5 µm, dark brown under transmitted white light, and almost black in 
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reflection. The fracture edges of a GO paper sample, when imaged by scanning electron microscopy 

(SEM), reveal well-packed layers over almost the entire cross-section of the paper samples, 

sandwiched between less densely packed ‘wavy’ skin layers that were approximately 100–200 nm 

thick. A typical GO paper specimen corresponds to a layer-to-layer distance (d-spacing) of 

approximately 0.83 nm determined from the X-ray diffraction spectra. The ultimate tensile stress 

and strain of GO paper are higher than the corresponding values for flexible graphite foils. The 

work of extension to fracture for GO paper is as high as 350 kJ•m
−3

 and tensile test measurements 

show GO paper exhibits very high values of tensile modulus and fracture strength. The average 

modulus of GO paper was determined to be 32 GPa with the highest value being 42±2 GPa, which 

will provide high-quality, microstructure-controllable macroscopic samples for the exploration of 

novel properties and the development of new applications
22

. As a result of its facile processability, 

GO paper has been popularly applied to prepare free-standing graphene paper
23-25

. Compton et al. 

prepared conductive “alkylated” graphene paper through the chemical reduction of post-synthesized 

hexylamine-modified GO paper
26

. Lin et al. demonstrated that the giant GO sheet enabled improved 

performance by systematically studying the influence of the GO size on the interior structure, and 

the electrical and mechanical properties of the as-prepared graphene papers
27

. Recently, researchers 

observed that through vacuum filtration of a frozen GO solution, followed by chemical reduction, 

washing and freeze drying, paper-like graphene foam could be obtained
28

. The porous structure 

makes it superelastic: it can be compressed to at least 65% strain and is still able to rapidly recover 

most of its original thickness when the loading is removed. There are also alternative methods to 

fabricate paper-like graphene foams from vacuum filtration graphene membranes such as leavening 

and light irradiation strategies
29, 30

. However, the sizes of the films or foams prepared from the time-

consuming membrane filtration method are limited, and the method is not suitable for large area 

production of graphene-based thin films. 



______________________________________________________________________________________ 

6 
 

6 Chapter 1. Overview of the research on graphene papers 

 

Fig. 1.3 Morphology and structure of GO paper. (a–d) Digital camera images of GO paper. a) 

1-mm thick (the Northwestern University logo is beneath the paper); b) folded, 5-mm-thick 

semi-transparent film; c) folded, 25-mm-thick strip; d) strip after fracture from tensile 

loading. (e–g) Low-, middle- and high-resolution SEM side-view images of a 10-µm-thick 

sample
22

. 
. 

LBL assembly: Moreover, self-assembly, a popular approach for the preparation of films 

has also been applied in the deposition of GO on a substrate by electrostatic interaction
31-33

. 

Kim et al. prepared a pure graphene film by enriching and Langmuir–Blodgett (LB) 

assembly of GO on a liquid/liquid or gas/liquid interface
34, 35

. Negatively-charged 

functionalized GO layers were incorporated into polyelectrolyte multilayers (PEMs) through 

a layer-by-layer (LbL) assembly by LB deposition. These LbL-LB GO nanocomposite films 

were shown to be robust free-standing membranes with large lateral dimensions and a 

thickness of approximately 50 nm. Micromechanical measurements showed an enhancement 

of the elastic modulus by an order of magnitude, from 1.5 GPa for pure LbL membranes to 

approximately 20 GPa for 8.0 vol% GO encapsulated LbL membranes
36

. In the same way, 
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transparent conductive films were constructed by LBL deposition and reduction of GO film 

on the flexible polymer substrate
37, 38

.  

Two-interface growth methods: Chen et al. obtained GO paper by facile self-assembly GO 

processes at the liquid/air interface
39, 40

. During the heating process of the hydrosol, the 

Brownian motion of the GO sheets was strengthened in the aqueous suspension, and the 

liquid level of the hydrosol gradually decreased. Thus, there are more opportunities for GO 

sheets to collide and interact with each other and move up to the liquid/air interface with the 

water spilling out from the hydrosol. The liquid/air interface provides a smooth space for the 

two-dimensional GO sheets, and the nanosheets that reach the interface tend to aggregate 

along it. When a new sheet moves near to the interface, it will be captured by the sheets that 

already reside there through interlayer van der Waals forces. The membranes are thickness 

controlled and area adjustable, and show excellent mechanical and optical performances. 

Interestingly, pristine graphene can assemble on conductive pure graphene thin films 

through the oil/water interface and the interfacial trapping technique
41

. 

Spin-coating: Additionally, graphene paper can easily be obtained by other methods, such 

as solution casting, spin coating, spray coating, and dip coating GO or rGO solution on the 

substrate, to prepare graphene film on substrates
42

, such as poly(ethylene terephthalate) 

(PET)
43

, SiO2/P++Si
44

 and Au
45, 46

 The graphene film prepared by this type of approach is 

uniform and thickness-controllable with minimal wrinkles.  

 

1.1.2 Electrophoretic deposition   

Electrophoretic deposition (EPD) has also been shown to be a useful technique to deposit 

graphene on conductive substrates
47

, owing to the relatively short processing period and 

requirement of only simple and cost effective equipment to produce uniform deposits with 

high microstructural homogeneity and adequate control of the deposit thickness. EPD offers 

the possibility of scaling up to large, application relevant dimensions. Ruoff and his group 

used the deposition of films composed of overlapped and stacked platelets of GO to prepare 

graphene papers by EPD processes (Fig. 1.4). The GO platelets migrated toward the positive 

electrode with oxidation occurring at the anode of the electrolysis cell. The possible 

electrochemical reactions could be: 

 

𝑅𝐶𝑂𝑂− → 𝑅𝐶𝑂𝑂 ∙ +𝑒−   (𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒)  (1.1) 
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𝑅𝐶𝑂𝑂 ∙→ 𝑅 ∙ +𝐶𝑂2   (𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑖𝑜𝑛)       (1.2) 

             2𝑅 ∙→ 𝑅 − 𝑅   (𝑑𝑖𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑎𝑑𝑖𝑐𝑎𝑙𝑠)          (1.3) 

 

According to the X-ray photoelectron spectroscopy (XPS) results, the oxygen groups, such 

as hydroxyl and epoxide on the basal planes, and carboxylate and carbonyl functional 

groups at the edges and some fraction can presumably be removed by and during the EPD 

process. The electrical conductivity of the as-prepared graphene paper was shown to 

improve to 1.43×10
4
 S•m

-1
. The advantages of this method is the reduction of GO without 

added reductants, and under room temperature, has the potential for the high-yield, large-

area, low-cost, and environmentally-friendly production of films composed of reduced GO 

platelets. This approach should find use in a variety of applications requiring a facile coating 

of complex surfaces and shapes
48

. Hasan et al. prepared a transferable, tunable 

microstructure GO film through the EPD process. By selecting the appropriate suspension 

pH and deposition voltage, films composed of negatively charged GO sheets can be 

produced with either a smooth “rug” microstructure on the anode or a porous “brick” 

microstructure on the cathode
49

. A nanostructural porous NiO/RGO hybrid film can also be 

deposited on an indium tin oxide (ITO) substrate by EPD
50

. GO undergoes post-conversion 

by the reduction of GO and is deposited on nickel foam, ITO, stainless steel (SS), and 

platinum (Pt) to prepare composite films
51, 52

. Additionally, graphene nanosheets can be 

directly deposited on Ni substrate through a similar process
53

.  
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Fig.1.4 (a) Schematic diagram of the EPD process and (b) cross-sectional SEM image of 

EPD-GO film
48

. 

1.1.3 Chemical vapour deposition   

To meet the requirement of large-scale, near-perfect graphene films on various substrates, 

the CVD technique is a direct and promising method which is attractive for electronic 

devices owing to their high flexibility, transparency, and electrical conductivity.
8,54 

Commonly, transition metals, such as Cu
55, 56

, Ni
57-59

 and Co
60

, and non-metal materials, 

such as SiO2
61

, BN
62

 and Si3N4
63

 have been used as the substrates for the CVD growth of 

graphene films. However, the non-metal substrate has the limitations of slow growth rate 

and discontinuous size. Recent advances in the direct fabrication of large-scale graphene 

films on a Ge substrate have overcome this problem, owing to the high carrier mobility and 

process compatibility of the semiconductor and the semimetal-characteristics of Ge
64

.  

1.1.4 Other methods  

In addition, a variety of new assembly strategies have increasingly been developed for the 

construction of graphene films with hierarchical structures and high performances, inspired 

by the micro-/nano-assembled structures of materials found in nature. Cao et al. developed a 

simple, smart, and scalable method to simultaneously assemble and reduce GO nanosheets 

into large-sized chemically-converted graphene films with high conductivity and mechanical 

stability, triggered by the unsteady microenvironment from the reduction–oxidation 

reactions between GO and the active-metal substrate
65

. Honeycomb structural graphene 

films, which were prepared by the template method, display excellent properties, such as 

large porosity, high conductivity, and robust chemical and mechanical stability. These films 

exhibit promising potential usage in various applications, including as biological scaffolds, 

catalysts, and sensors
66, 67

. Bubble structural graphene film was also fabricated by using 

monodispersed poly(methyl methacrylate) (PMAA) latex spheres as the sacrificial 

templates.
40

 Highly conductive, free-standing, and flexible porous carbon thin films can be 

prepared through chemical activation of reduced GO paper
68, 69

, as was reported by Ruoff’s 

group. Moreover, a novel strategy for the preparation of GO papers was developed by 

mechanically pressing a graphene aerogel that was obtained by freeze-drying a GO solution. 

This kind of graphene paper shows a unique structure with folded graphene sheets and the d-
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space is 0.77 nm, which is lower than the graphene paper obtained from the vacuum 

filtration methods (0.83 nm) 
70

. 

1.1.5 Treatment of graphene oxide paper 

Generally, when GO paper is prepared by solution phase assembly, its conductivity is very 

poor owing to GO containing many oxygen groups. Such GO paper is hardly suitable for 

many applications related to electrochemical sensors and energy storage. Thus, the GO 

paper is normally subjected to the post-treatment to gain necessary conductivity. This can be 

achieved by chemical reduction, high-temperature annealing and electrochemical reduction. 

Hydrogen iodine (HI) has been used as an effective reductant to reduce GO paper for 

enhanced electrical conductivity. Annealing is another effective method used to remove 

oxygen-containing groups from GO paper to improve its conductivity. The d-space of 

graphene paper is approximately 1 nm, which is appropriate for the mass transportation of 

most ions. However, this needs to be further improved in some cases.  To do so, hydrazine 

vapour was used as a reducing agent to create a porous structure between the interlayer 

graphene papers. In addition, a unique process for the preparation of highly conductive and 

oxygen-free graphene thin paper with a carbon/oxygen ratio reduced to 100:1 can be 

employed by means of Ar+ ion irradiation of GO papers (Fig. 1.5).The composition of 

graphene paper in terms of the carbon/oxygen ratio and the types of individual oxygen-

containing groups is monitored throughout the process. Angle-resolved high resolution X-

ray photoelectron spectroscopy (XPS) was used to investigate the depth profile of carbon 

and oxygen within the rGO paper. The C/O ratio of over 100 on the surface and 40 in the 

bulk material is observed. To provide insight into the processes of oxygen removal from GO 

paper by low energy Ar
+
 ion bombardment, the gases released during irradiation are 

analyzed by mass spectroscopy. It is found that the Ar
+
 ion beam can be applied as a 

technique for the fabrication of highly reduced graphene papers with high conductivity. 

Such highly conductive graphene papers have great potential for their applications in the 

construction of microelectronic and sensing devices
71

. 
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Fig.1.5 Preparation of the graphene paper by Ar
+
 ion irradiation

71
. 

1.2 Functionalization of graphene papers 

The emerging field of freestanding and flexible paper-like materials based on graphene 

sheets has become the focus of considerable research in recent years because of the scientific 

and technological significance of these materials. In particular, multifunctional flexible 

graphene-based films or papers are in high demand for various applications. 

1.2.1 Graphene–polymer composite films/papers 

Polymers, as important components in the nanoworld, have been applied in sensor energy 

conversion and storage, and are popular tools for the functionalization of graphene paper to 

improve conductivity, biocompatibility, and mechanical property
72-74

. In general, the 

polymer is stabilized with graphene paper through electrostatic, hydrogen bond, and π–π 

stacking interactions. The layer-by-layer assembly method is a facile, low-cost way to 

fabricate polymer hybrid/graphene paper with precise control over the structure and 

thickness on both the micro- and nanoscales, and has the great advantage of being able to 

fabricate graphene–polymer composite films through the electrostatic interaction of the 

oppositely-charged objects or hydrogen bonding. A variety of polymers have been 

incorporated into graphene-based films with a uniform multilayer structure and novel 

functionality, such as polyaniline
73

, poly(sodium 4-styrenesulfonate) 
74

, 

poly(diallyldimethylammonium) 
75

, poly(p-phenylene vinylene)
43

 and poly(sodium 4-

styrenesulfonate) 
76

. This technology was used to fabricate GO-PEI films consisting of a 
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poly (ethylene terephthalate) substrate (Fig. 1.6) as a gas barrier. Nanostructure and oxygen 

barrier properties of the GO-PEI film were shown to be highly dependent on the pH. Using a 

GO suspension with a pH of 3.5 resulted in assembly of a film that exhibited very dense and 

ordered structures and delivered very low oxygen transmission rates (the lowest was <0.05 

cm
3
 m

-2
 day

-1
) 

77
. 

 

Fig. 1.6 Schematic of the preparation of GO/BPEI films through layer-by-layer self-assembly. 
 

     Solution-casting is a popular method to assemble polymer/graphene paper owing to the 

advantages of easily-obtained, simple apparatus and size-controllability. Recently, PVDF 

(polyvinylidene fluoride), PVP (polyvinyl pyrrolidone) 
78, 79

, PANi
80

, poly (benzimidazole)
81

 

and poly (VDF-TrFE)
72

 modified graphene paper have been synthesized by the solution-

casting approach. A PANi nanorod array was electrodeposited on graphene paper that was 

prepared by the solution-casting assembly strategy, and the thickness of PANi was 

controlled by electropolymerization time. In addition, free-standing, flexible, conductive, 

reduced GO/Nafion (RGON) hybrid films were obtained by a solution chemistry that 

involved self-assembly and directional convective-assembly. These films display high 

conductivity facilitated electron transfer (ET), low interfacial resistance, and are excellent 

performance electrochemical biosensing platforms for organophosphate (OP) detection
83

.  

Given the relative sparseness of usable functionality on pure carbon materials, forming 

covalent linkages between the polymer matrix and such surfaces (when used as composite 

filler) may be quite challenging. However, G–O platelets contain surfaces rich in reactive 

functional groups, and a number of approaches for introducing covalent bonds between G–O 

platelets and polymers have been demonstrated. For instance, both the grafting-from and 

grafting-to approaches have been used for the attachment of a broad range of polymers. 

Dopamine hydrochloride and PEI, as good reducing agents, were used to reduce and 

functionalize GO, and then assemble the formation of graphene papers
84, 85

.   
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    In addition, hybrid materials of polycaprolactone (PCL)/graphene papers were fabricated 

based on a PCL brush on the surface by polymerization of caprolactone from the functional 

groups on graphene
86

.  

1.2.2 Graphene–nano-object composite films/papers 

Graphene displays extremely useful physicochemical properties, but it also possesses a 

weakness in the expected functions, such as catalysis, redox performance, or energy storage. 

From the viewpoint of a practical fabrication, it is necessary to decorate graphene with 

functional groups. Graphene is highly compatible with different solvents, and graphene 

paper or films offer a large surface area owing to multiple interactions in the film. 

Additionally, graphene obtained by the reduction of GO may still possess some oxygen 

groups, which enable the loading or growing of a nano-object. 

    Several methods have been reported to effectively fabricate functionalized nano-objects 

with graphene paper or films. Graphene paper has been functionalized with nano-objects 

mainly by the procedures in the following list.  

    1) Some inorganic functional materials mainly cover the surface rather than bind to the 

interior of the graphene sheet. These nano-objects functionalize graphene hybrid materials 

mostly obtained by the growth of metal and semiconductor nanostructures on graphene film 

by various processes. Such highly transparent conducting films can be obtained by spin-

coated
87

, physical vapour
88

 and pulse electrochemical
89

 Ag nanowires or nanocrystals on the 

graphene film to significantly enhance the electrical properties and surface plasmon signal of 

the graphene film. Pulse laser deposition was applied to deposit V2O5 film on the graphene 

paper surface to yield flexible energy storage devices
90

. MS (NiS and CoS) 
91

, Ni (OH)2 and 

NiOOH
92-94

, TiO
95, 96

, indium–gallium–zinc-oxide
97

, and Au@PtNPs, PtNPs, or 

PtNPs/MnO2 nanowires
98-101 

 are well-designed for depositing on graphene paper surface 

through advanced techniques. Furthermore, Duck Hyun Lee presented a well-designed 

carbon hybrid film that was prepared by self-assembly of versatile growth carbon nanotubes 

on graphene films (Fig. 1.7)
54

, which displayed good mechanical property and high 

performance for the bending test. 

     More interesting, AuNPs
102

 and NiO
103, 104

 can be in-situ grown on the graphene paper 

surface to form multifunctional hybrid graphene paper.  
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Fig. 1.7 a) Schematic illustration of the fabrication process for carbon hybrid films. A multilayer 

graphene oxide film is spin-coated onto a SiO2/Si substrate from an aqueous dispersion. The 

following block-copolymer lithography creates a nanopatterned iron catalyst array on the graphene 

oxide film. Highly aligned vertical CNT arrays are grown by catalytic PE-CVD. The underlying 

graphene oxide film is reduced and becomes electrically conductive during this high temperature PE-

CVD growth. b) SEM image of iron catalyst particles on graphene film. The inset image shows the 

electron diffraction pattern. c) Cross-sectional SEM images of hybrid films. d) SEM image of a 

square-patterned CNT array on the graphene film. e) Photograph of graphene film floating on a water 

surface. 

2) Loading NPs into the interiors of graphene sheets (Fig. 1.8). To insert a nano-object into 

the interlayer graphene paper, flow-directed assembly is the most efficient way to prepare 

nano-object (Prussian blue nanoparticles (PBNPs) 
24

, Au@PBNPs
105

, Na2/3Fe1/2Mn1/2O2 

nanoparticles
106 

and SnO2 nanoparticles
107

) hybrid graphene paper. Flow-directed assembly 

of a mixture of graphene and Fe3O4 nanoparticles have also been used to prepare graphene 

paper. The hybrid graphene paper was reported with high contents of Fe3O4, reaching up to 

10 percent. The hybrid graphene paper also exhibited excellent electrical conductivity and 

mechanical strength. The most important characteristic is the super paramagnetism, which 
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can easily be tuned through modulation of the loading of Fe3O4 nanoparticles
108

. Moreover, 

graphene/MnO2 paper was fabricated by filtration of the chemically reduced mixture of GO 

solution with Mn(NO3)2 and KMnO4
109

. 

 

 

Fig. 1.8 Cross-sectional SEM images of Au@PB NP rGO papers with various magnifications. 

 

A homogeneous mixture of a GO suspension with Au NPs self-assembles at the air/liquid 

interface, resulting in multi-layered GO–Au NP composite films. The reduced GO–Au NP 

film shows increased electrode kinetics and a cyclic voltammetric response in proportion to 

the amount of Au NPs, and an enhancement of anodic peak current was observed compared 

with that of the reduced GO films
110

. Transparent and flexible thin film transistors with high 

performance, based on solution processed graphene nanosheets (GNS)–amorphous indium–

gallium–zinc-oxide composites, have been developed
111

. 

      In addition, Haitao Zhang et al. reported a facile, rapid, scalable, and environmentally-

friendly method of making rGO/Ni (OH)2 paper by the EPD process
51

. NiCo2O4 has been 

grown on the surfaces of porous N-doped graphene sheets through hydrogen bonding, van 

der Waals forces, or covalent interactions with the functional groups of graphene, such as –

COOH. The as-prepared hierarchically porous graphene paper with NiCo2O4 has shown a 

remarkable OER catalytic activity
112

. N-doped graphene-SnO2 papers have been prepared by 

inducing the 7,7,8,8-tetracyanoquinodimethane anion as both the nitrogen source and 

complexing agent to format a sandwich structure, which exhibits a large capacity, high rate 

capability, and excellent cycling stability
113

. In addition, AuNPs−embedded porous 

graphene thin films for electrochemical sensing of H2O2 were prepared by LBL self-

assembly and subsequent annealing technologies
114

.   

      Not only some foreign groups can endow graphene paper with special functions, the 

special structures that can be obtained during the preparation process, such as porous and 

25 µm 5 µm 1 µm

A B C
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bubble structures
115

 were also used to functionalize graphene paper. Moreover, free-standing 

elemental-doped (N) 
116

 graphene film was prepared by CVD. 

1.3 Applications of graphene papers 

Graphene papers, with the advantages of low price, high quality, and simple synthesis 

process, have a potential to overcome the gap from nanoscale graphene to real macro-scale 

applications of graphene.  

1.3.1 Water Purification  

Graphene derivative papers or membranes for molecular sieving purification permeation 

through nanometer pores are important in the design of materials for use in filtration and 

separation techniques. To achieve high solvent permeability, filtration membranes must be 

as thin as possible, while retaining their high mechanical strength and solvent resistance. 

Papers or membranes made from GO are particularly interesting candidates in this subject. 

In this section, we discuss recently demonstrated graphene derivative papers or membranes 

which are used for molecular sieving purification. 

Grossman et al. reported that nanometer-scale pores in single-layer freestanding graphene 

can effectively filter out NaCl salt from water
117

. The graphene membrane’s ability to 

prevent the salt passage depends critically on pore diameter with adequately sized pores 

allowing for water flow while blocking ions (Fig. 1.9). Additionally, they investigated the 

role of chemical functional groups bonded to the edges of graphene pores. The results 

suggest that commonly occurring hydroxyl groups can roughly double the water flux owing 

to their hydrophilic character. The water permeability of this graphene membrane is several 

orders of magnitude higher than conventional reverse osmosis membranes. 
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Fig. 1.9 (a) Hydrogenated and (b) hydroxylated graphene pores, and (c) side view of the 

computational system investigated in this work. 

Another option for molecular sieving is the low-friction flow of solvent through two-

dimensional capillaries formed by closely spaced graphene sheets. R.R. Nair et al. observed 

that submicrometer-thick GO membranes can be completely impermeable to liquids, 

vapours, and gases, including helium, but allow unimpeded permeation of water
118

. They 

commented on the mechanism involved as: A monolayer water proceeds through the 

capillaries formed in GO membranes. GO laminates consist of crystallites stacked on top of 

each other. The groups attached to the graphene sheets lead to a relatively large d-spacing. 

Importantly, such groups tend to cluster and leave large, percolating regions of graphene 

sheets not oxidized. Therefore, GO laminates are likely to have empty spaces between the 

non-oxidized regions of graphene sheets. Because d for reduced GO is approximately 4 Å, 

the width of the empty space δ can be estimated as approximately 5 Å, which is sufficient to 

accommodate a monolayer of water (Fig. 1.10). The described GO membranes can be used 

as barrier films in the design of filtration and separation materials and for the selective 

removal of water.  
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Fig. 1.10 Schematic view for the possible permeation through GO laminates. Typical L/d is 

~1000
118

. 

The nearly frictionless surface of the non-oxidized GO facilitates the extremely fast flow of 

water molecules. Joshi et al. further reported that ions smaller in size than the GO 

nanochannel can permeate in the GO membrane at a speed orders of magnitude faster than 

would occur through simple diffusion
119

. Size exclusion appears to be the dominant sieving 

mechanism. Indeed, the GO membrane represents the next generation of ultrathin, high-flux, 

energy-efficient membranes for precise ionic and molecular sieving in aqueous solution; 

however, as commented by B. Mi
120

, further research is still needed to thoroughly 

understand the transport of water and solutes in the GO membrane, especially to 

fundamentally elucidate other potential separation mechanisms in addition to size exclusion. 

In addition to the porous graphene monolayer and GO membranes, diamond-like carbon 

(DLC) is a promising alternative in the permeation of solvents
121

. DLC was made just over 

40 years ago by Aisenberg and Chabot
122

. Thin transparent films made from compounds 

very similar to diamond were initially synthesized by means of an ion-beam deposition 

method. Currently, the widely-used technique for DLC deposition is plasma chemical 

vapour deposition using organic compounds. S. Karan et al. demonstrated that DLC 

membranes can be prepared to exhibit extremely high solvent permeability while 

maintaining considerable mechanical strength
121

. They reported the ultrafast permeation of 

organic solvents through DLC nanosheets, which were free-standing amorphous carbon 

membranes with a thickness ranging from 10 to 40 nm. Furthermore, the membranes exhibit 

an excellent separation performance for organic solutes. Interestingly, the solvent flux was 

mainly affected by the viscosity of the solvent, rather than their molecular size or dipole 

moment. 
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1.3.2 Biomimetics   

Graphene paper also displayed a potential application in actuators, electromagnetic-free generators, 

robots and artificial muscles
42, 123-125 

, since it displays a fast
 
response to external stimuli. J. Mu et 

al.
125,126

 developed a series of graphene monolayer (GM) papers with a gradient reduced graphene 

oxide/graphene oxide (rGO/GO) structure. In the gradient GM paper, the GO region could readily 

adsorb/desorb water molecules in response to the environmental humidity, temperature, or light, 

which resulted in swelling/shrinking of the GO sheets. In contrast, the rGO region was inert to 

water molecules. Considering this behaviour, together with the excellent photothermal properties of 

rGO and GO, as well as its high flexibility and mechanical robustness, this graphene paper provides 

great potential for photoresponsive actuator application. J Mu et al. exploited these properties to 

produce GM paper with reversible, fast (~0.3 s), powerful (7.5×10
5
 N•kg

-1
 force output), and 

controllable mechanical deformation and recovery, in response to moisture, heat, and light. The 

response of this water-driven actuator to multiple stimuli allows the fabrication of artificial muscles 

and electric generators. Furthermore, it was shown that with a programmed dual-gradient (vertical 

and lateral) structure, a self-folding all-graphene origami could be developed to demonstrate three 

capabilities: (i) production of pre-designed shapes, (ii) walking, and (iii) turning a corner (Fig. 

1.11).  

 

Fig. 1.11. (a) I. Schematic illustration of the mask-assisted filtration process (scale bar, 2 cm). II. 

Cross-sectional SEM images of GO-PDA/rGO and rGO regions following reduction by HI (scale bar, 
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1 µm). III.CA measurement of the GO-PDA/rGO surface (43.1°) and rGO surface (93.4°) of dual-

gradient GM. (b) Schematic representations of the structures and mechanisms of the graphene paper. 

With no NIR light irradiation, the GO-PDA/rGO region flattens. A flat freestanding GO-PDA/rGO 

region starts to bend immediately upon exposure to NIR light irradiation. This bending/unbending 

mechanism is completely reversible over many cycles. (c) Time profiles of self-folding movements 

of a cross-shaped piece of paper with and without NIR light irradiation. The sample was placed on 

the platform and illuminated with NIR light (100 mW•cm
-2

) normal to its surface (light is incident 

from above). (d) Optical images showing an artificial/robotic hand holding an object driven by light 

irradiation. (e) Optical images showing the “micro robot” walking and turning on a map driven by 

light irradiation
125,126

.  
 

      The skin is highly sensitive to pressure and temperature, and is therefore an important 

feedback source of crucial information. Considering its excellent mechanical, electrical, and 

thermoelectric properties, graphene papers have attracted increasing attention to mimic the 

sensing behaviour of natural skin. Hou et al. reported the first graphene paper-based self-

healing, mechanically strong and stretchable, pressure-sensing device
127

. It consisted of a 

piezoelectric polymer layer and a porous graphene layer with a healing substrate. The 

integrated graphene/polymer hybrid film mimics both the mechanical self-healing and 

pressure sensitivity behaviour of natural skin without the requirement of an external power 

supply (Fig. 1.12). Its ultimate strain and tensile strength were even two and ten times larger 

than the corresponding values of human skin, respectively. 

       More recently, Hou et al. reported novel paper-like graphene foam that is free-standing, 

flexible and elastic. It demonstrated temperature sensitivity based on the thermoelectric 

effects of graphene. Furthermore, this elastic graphene foam exhibited a pressure sensing 

behaviour under finger pressure. A proof-of-concept graphene pressure sensor pad was 

manufactured that could locate finger-pressure points and measure the pressure levels. All of 

the above sensing abilities were demonstrated without the need for an internal/external 

power supply. The unique passive all-graphene flexible thin-film sensor may open up new 

opportunities for the development of electronic skin. 
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Fig. 1.12 Schematic illustration and images of the graphene-paper based touch sensors. (a-c) 

A self-healing and stretchable PDMAA/PVA/graphene-PVDF sandwiched thin-film sensor.
127

 

(d) A compressive graphene sensor pad. 
 

1.3.3 Applications in flexible substrate  

      Graphene films that have recently become available on a large scale exhibit good optical 

transparency, electrical and thermal conductivities, and high temperature stability and 

mechanical flexibility. Therefore, graphene film, as a solid substrate conducting platform to 

support functional groups, has attracted a lot of interest. For the fabrication of light-emitting 

diodes, high-quality GaN/ZnO co-axial nanorod heterostructures have been grown directly 

on graphene films. The nanostructure LEDs exhibit strong blue emission, even under room 

illumination
97

. In another study, ZnO nanowire functionalized graphene film was used as an 

optical device for a constructed nanostructure LED light (Fig. 1.13) 
128

. Transparent 

macroporous graphene thin films (MGTFs) were prepared by using ice crystal-induced 

phase separation. They have shown wide application to substrates as they can be used as 
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porous scaffolds with high conductivity for electrochemical deposition of various 

semiconductors and rare metal nanoparticles, such as CdSe, ZnO, and Pt, as well as 

successive deposition of different materials. Notably, the macroporous structures bestow the 

MGTFs and the nanoparticle-decorated MGTFs (i.e., Pt@MGTF and CdSe@MGTF) with 

an enhanced performance as electrodes for the oxygen reduction reaction and 

photoelectrochemical H2 generation
129

. Gyu-Chul Yi’s group successfully grew ZnO on a 

graphene film. They demonstrated the position- and morphology-controlled growth of ZnO 

nanostructures on graphene layers without using any growth mask or metal catalyst
130

. The 

microstructures of epitaxial GaN thin films grown on graphene layers using ZnO nanowalls 

were then investigated. The predominant dislocations in the GaN thin films grown on ZnO-

coated graphene layers were mixed-type dislocations. The typical threading dislocation 

density in the films was determined to range from 1.2×10
9
 to 2.4×10

9
 cm

−2
, which is 

comparable to that of GaN on Si substrates and slightly higher than that of GaN on sapphire 

substrates.
131

 Fully-flexible and transparent 3-D structure nanogenerators were fabricated by 

depositing 1-D ZnO nanorods on a 2-D graphene film. This type of nanocomposite is 

suitable for self-powered RT device applications, such as flexible self-powered touch 

sensors, wearable artificial skin, fully flexible display mobile devices, and battery 

supplements for wearable cellular phones
132

. In another study, the power-generating 

phenomenon of a single GO film with a preformed oxygen-containing group gradient was 

reported. The GO film was prepared by a moisture/electric field co-induced gradient process 

of oxygen-containing groups on a vacuum-filtrating GO film, and this strategy that was 

developed was called moisture–electric annealing. The as-prepared GO film was able to 

provide a moisture-enabled voltage output of approximately 35 mV with a power density of 

approximately 4.2 mW•m
−2

 by harvesting energy from moisture diffusion with an energy 

conversion efficiency of up to approximately 62%. This efficiency surpassed the fluidic–

electric generators and was even better than those of piezoelectric generators with optimized 

structure. More interestingly, an extra-power-free respiratory monitor has been built by 

using the moisture flow of human breath as a clean and renewable power source
133

. 
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Fig.1.13 Visible nanostructure LEDs on graphene films. a) Photograph and optical 

microscopy images of the light emission from the LED at different applied currents. b) 

Power-dependent EL spectra at applied currents of 1–10 mA. c) I – V characteristic curve of 

the LED (black solid line) and a plot of the integrated EL intensity (red open circles) as a 

function of the applied bias voltage. a.u., arbitrary unit. 

      Graphene paper, as a flexible substrate, has not only been used for the growth of nano-

objects, but also as a good supporting material for fixing enzymes and growth bacteria to 

build a membrane-free biofuel cell
134-136

. 

1.3.4 Application in sensors 

      The self-assembled 2-D graphene paper/film/membrane, functionalized with nano-

objects, polymers, and biomolecules, are promising candidates for sensing application. In 

particular, in the field of electrochemical biosensors with high sensitivity, these candidates 

have found widespread uses in clinic diagnosis, environment monitoring, and for quality 

control in industrial, food, and agricultural products. 
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1.3.4.1 Electrochemical sensors 

GO paper has a good mechanical property, which will provide high-quality, microstructure-

controllable, free-standing paper electrodes for the detection of small molecules,
137

 

bacteria,
138,139

 organophosphates,
83

 and even viruses
140

. 

     Graphene paper as a sensing platform for detection of H2O2 and glucose (Table 1.1) has been 

attractive owing to its high conductivity bio-compostable, sufficient flexibility, and robust 

mechanical strength. Based on the graphene film-GOD (glucose oxidase) electrochemical sensor for 

the detection of glucose, other detectors have been built. For example, LBL self-assembly of 

glucose oxidase and chitosan nitrogen-doped graphene to fabricate a glucose biosensor was 

prepared. The biosensor operates at a low potential of −0.2 V (vs Ag/AgCl), exhibiting a high 

sensitivity of 10.5 µA cm
−2

 mM
−1

, and detection limit of 64 µM
141

. A GOD-AuNPs-PBNPs-

chitosan complex
142

 or PANI/AuNPs
143

 as electron transfer media and assistant group to combine 

GOD with graphene paper, has been proposed as a method for the determination of glucose 

concentration in whole blood samples within the physiological range (3.9–7.8 mM). Based on the 

CVD of a graphene film modified by GOD, field-effect transistors for real-time glucose and 

glutamate sensing have been built
144

. Moreover, graphene paper has been functionalized by non-

enzymatic catalysts by different techniques, such as PtNPs/MnO2 nanowires/graphene paper as a 

free-standing paper electrode for non-enzymatic detection of H2O2 enables its use for monitoring 

H2O2 with a linear dynamic range of 2.0 µM to 13.33 mM and LOD down to 1.0 µM (S/N=3) 
98

. 

The sensor response is linear to glucose concentrations in the range from 0.1 mM to 30.0 mM with 

a detection limit of 0.02 mM (S/N=3) and detection sensitivity of 58.54 mA cm
-2 

mM
-1

. In addition 

to that mentioned above, dip-coating gold nanoparticles
145

, NiO nanoparticles loaded on graphene 

paper using the EPD process
93

, AgNCs directly grown controllably on graphene paper
89

 and LBL 

self-assembly of AuNPs−embedded porous graphene thin films
114

 have been used to build a sensing 

platform for the detection of glucose or H2O2. 

      Our group has successfully fabricated graphene paper doped with chemically compatible 

Prussian blue nanoparticles and Au@PB NPs
105

 as a nanohybrid electrocatalyst. Prussian 

blue was loaded on the graphene nanosheet by electrostatic attraction. The hybrid materials 

were characterized by AFM, SEM, and TEM (Figs. 1.14 and 1.15), and indicate that the 

graphene nanosheet was successfully decorated by PBNPs. However, the surface of the 

graphene paper was very smooth, and water molecules were also trapped together with the 

PBNPs on the graphene paper, which could provide a microenvironment for the 
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accommodation of bio-macromolecules. Cyclic voltammograms (CVs) reveal that 

heterogeneous electron transfer (ET) reactions arising from the confined PBNPs were 

reversible and ET kinetics were controlled by mixed diffusion and surface confinement. 

Using the hybrid materials as a platform for the detection of H2O2, the electrocatalytic 

reduction of H2O2 started at 0.4 V (vs SCE) and tended to reach a maximum effect at 

potentials more negative than −0.1 V, and a linear relation between electrocatalytic current 

density and H2O2 concentration was observed in the range of 1–7 mM, with the detection 

limit of approximately 5 µM
24

. 

       Electrochemiluminescence (ECL) sensors are very important. Therefore, ECL sensors 

have recently been developed based on graphene paper. For example, a novel biosensor was 

developed using immobilized Ru (bpy)3
2+ 

and alcohol dehydrogenase (ADH) on a 

graphene/bovine serum albumin composite film for the detection of ethanol
137

. Xu YH et al. 

used a poly(sodium 4-styrenesulfonate) functionalized graphene/Nafion composite film to 

prepare a paper-based solid-state electrochemiluminescence sensor and applied it to detect 

tripropylamine. A low detection limit (S/N=3) of 5.0 nM was obtained. It also exhibited 

excellent reproducibility (relative standard deviations of 0.63% for continuous 45 cycles) 

and long-term stability (∼80% of its initial ECL intensity could be retained over 3 months). 

Furthermore, highly porous Fe3O4 nanocrystal clusters as well as poly(sodium 4-

styrenesulfonate) were used to hybridize graphene paper. This type of graphene paper 

showed high performance to compounds containing tertiary amino groups and DNA with 

guanine and adenine, when it was applied as an ECL sensor
146, 147

. 

       Impedimetric immunosensors for the detection of bacteria have been a hot topic because 

of the frequency of food safety accidents. An efficient, low-cost, and robust impedimetric 

immunosensor for the rapid and sensitive detection of Escherichia coli O157:H7 (E. coli 

O157:H7) was developed by using a gold nanoparticles hybrid free-standing graphene paper 

electrode. The graphene paper was prepared by chemical reduction of GO paper obtained 

from the vacuum filtration method. The gold nanoparticles were grown on the surface of the 

graphene paper electrode by a one-step electrodeposition technique. Immobilization of anti-

Escherichia coli O157:H7 antibodies on the paper electrode were performed using the 

biotin-streptavidin system. Electrochemical impedance spectroscopy was used to detect E. 

coli O157:H7 captured on the paper electrode with a broad linear range (1.5×10
2
–1.5×10

7
 

cfu mL
−1

) and low detection limit (1.5×10
2
 cfu mL

−1
) 

138
. 
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Photoelectrochemical sensing is another key technique as a branch of electrochemical 

sensing, based on a TiO2–graphene complex nanopaper. An advanced photoelectrochemical 

biosensing device for the detection of carcinoembryonic antigens has been proposed 

working at a relatively low applied potential
148

.  

       Moreover, a microfluidic biochip was prepared by graphene paper and functionalized 

with antibodies, enzymes, and aptamers as a biosensor for the multiplexed detection of 

different metabolites, such as glucose, lactate, xanthine, and cholesterol. The results showed 

that the graphene biosensor arrays can detect multiple metabolites on a microfluidic paper 

sensitively, rapidly, and simultaneously
149

.  
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 Table 1.1 Summary of the graphene paper based platforms for detection of glucose and H2O2 

 

1.3.4.2 Chemical sensors 

      The two-dimensional structure of graphene makes the electron transport through 

graphene highly sensitive to the adsorption of gas molecules. The adsorption of gas 

molecules on graphene’s surface leads to changes in its electrical conductivity that can be 

attributed to the change in the local carrier concentration induced by the surface adsorbates, 

which act as electron donors or acceptors. O. Leenaerts et al. reported a gas (NH3, CO, NO2, 

and NO) sensor based on the absorption of gas on graphene film using first-principles 

calculations
155

. The film, with a thickness of 1.5 nm, displayed high chemical sensitivity in 

the range of tens of ppb owing to the enriched hole-like carrier concentration through the 

electron transfer from a p-type electron withdrawing graphene to NO2 acceptors adsorbed on 

graphene (Fig.1. 16) 
156

. Samsonau et al. fabricated a gas sensor based on a CVD graphene-

like film for the detection of NO2
157

. A low cost conductometric sensing device, based on 

Materials  catalyst Analyst methods LOD ref 

AuNPs/Graphene paper AuNPs Glucose Chronoamperometry 5 μ M 145 

AuNPs/PANI/graphene paper- GOD AuNPs Glucose DPV  143 

PBNPs/Graphene paper-GOD GOD Glucose Chronoamperometry 10 μ M 24 

Chitosan/graphene-GOD GOD Glucose Chronoamperometry 64 μM 141 

SiO2@CeO2/graphene paper-GOD GOD Glucose Colorimetric 0.2 mM 150 

PtNPs/MnO2 nanowires/graphene paper PtNPs Glucose Chronoamperometry 0.02mM 99 

NiO/graphene paper NiO Glucose Chronoamperometry 0.1 μ M 93 

PBNPs/Graphene paper-GOD GOD Glucose Chronoamperometry 8.4 μ M 151 

AuNPs/graphene-GOD GOD Glucose Chronoamperometry 4.1 μ M 152 

PtNPs/graphene film PtNPs Glucose Chronoamperometry 1 µM 100 

ZrO2/graphene film-GOD GOD Glucose Chronoamperometry 45.6 μM 153 

GOD-AuNPs-PBNPs chitosan/graphene GOD Glucose Chronoamperometry 10 μ M 142 

AuNPs/PANI/graphenepaper- GOD AuNPs H2O2 DPV  143 

AuNPs/Graphene paper AuNPs H2O2 Chronoamperometry 2 μ M 145 

PBNPs/Graphene paper- PBNPs H2O2 Chronoamperometry 5 μ M 24 

SiO2@CeO2/graphene paper  H2O2 Colorimetric 9nM 164 

PtNPs/MnO2 nanowires/graphene paper PtNPs H2O2 Chronoamperometry 1 μ M 98 

HRP/graphene film HRP H2O2 CVs 1.17 mM 154 

PBNPs/Graphene paper PBNPs H2O2 Chronoamperometry 1.5 μ M 151 

AgNCs/graphene film AgNCs H2O2 Chronoamperometry 3 μ M 89 

AuNPs-Embedded Porous Graphene Thin Films AuNPs H2O2 Chronoamperometry  0.1 μ M 114 

PtNPs/graphene film PtNPs H2O2 Chronoamperometry 0.2 µM 100 
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using rGO as the sensing material on a porous paper substrate, was presented. The sensor 

exhibited high sensitivity towards NO2, and the detection limit was well in the sub-ppm 

level. The thickness of the rGO film affected the sensitivity of the sensor in such a way that 

the thinner (10 nm) films exhibited a better performance
158

. Freestanding three-dimensional 

graphene network structure graphene paper was fabricated by the CVD method to build 

graphene paper sensors for the detection of NH3. The detection principle was ascribed to the 

effective charge carrier transport between the foam with large porosity and the few-layer 

graphene component and the adsorbed gas species
159

. Furthermore, to improve the 

sensitivity and selectivity, nano-objects (AuNPs
160

 and Au@PtNPs
101

) and pyrenebutyric 

acid
156

 were combined with graphene paper by electrostatic or covalent-bond physical 

absorption to build a flexible biosensor to real-time monitor live cell secretion of nitric oxide 

with a broad linear range, low detection limit, high sensitivity, and good selectivity against 

interferences often existing in biological systems. Moreover, based on the pyrenebutyric 

acid functionalized free-standing graphene film, a new type of flexible H2S sensor with high 

selectivity was presented by Dong et al. using Fe2O3 nanoparticles-modified graphene 

paper
161, 162

.  

 

 

Fig. 1.16 (a) Room-temperature sensing behavior of GO after annealing in Ar at 200 °C for 1 h. (b) 

300 °C annealing improved sensitivity and response time but lengthened recovery time, compared to 

200 °C annealing
156

. 

      Moreover, based on the reflectance change with the varied optical and geometric 

properties of the sensing layers absorbing the gas molecules, Some et al. constructed a new 

type of one-headed polymer optical sensor array with hydrophilic GO and hydrophobic rGO 

for sensing volatile organics
163

. The sensing device offered the ability to distinguish between 

THF and dichloromethane, owing to the strong interactions of oxygenated groups of GO 

with polar organic THF
164

. Furthermore, the GO sensor displayed a high sensitivity under 
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extreme conditions, such as strongly acidic or basic conditions, or a high humidity 

environment. 

        In addition to the gas species, GO-based assemblies showed high sensitivity to 

moisture
42, 124

, this can be attributed to the planar structure and abundance of oxygen-

containing groups on the GO sheets. Park et al. constructed a smart paper actuator composed 

of adjacent GO and CNT films, based on the sensitivity of GO to humidity
165

.  

Graphene paper colorimeter sensors display a lot of advantages, such as visualization, low 

cost simplicity, rapidity, and high sensitivity. A new kind colorimeter sensor for the 

detection of hazardous volatile organics, including tetrahydrofuran (THF), chloroform, 

methanol, and dimethylformamide (DMF), was developed based on a graphene–

polydiacetylene (PDA) composite film. First, graphene film was immersed in PCDA 

solution and PCDA was fixed on the graphene nanosheet through π–π stacking. After UV 

illumination treatment, the precursor self-assembled to “blue-phase” PDA. Owing to the 

merits of the large surface area and high transparency of the graphene film as an efficient 

support, the colorimetric response from the structural conformation changes of PDA could 

be visually investigated at a relatively high concentration of organics. The well-fitting 

relationship between the chromatic response and the organic concentration in the range of 

0.01–10% quantitatively provides the foundation for organic detection in practical 

applications
166

.  

       In addition, due to its good biocompatibility, the freestanding hybrid film sensor would 

be a promising candidate for biological, medical, and pharmaceutical applications. Caryn L. 

Heldt et al. fabricated a microdevice sensor for the detection of proteins in solution by 

measuring the surface electrical resistivity of graphene/cellulose composite paper as a 

function of protein concentration
167

. Different kinds of bioactive (glucose oxidase, 

cholesterol oxidase, cholesterol esterase, lactate oxidase, and HRP) functionalized 

SiO2@CeO2/graphene were used for the colorimetric detection of lactate, uric acid, 

cholesterol and glucose.
150

 Ping Zuo et al. presented microfluidic systems for the detection 

of two infectious pathogens—Staphylococcus aureus and Salmonella enterica—using 

fluorescence marked aptamer-functionalized graphene paper
149

. A pH sensor was built using 

upconversion luminescence nanomaterials hybrid graphene paper
168

 and high-performance 

flexible potentiometric sensing devices using freestanding graphene paper functional with 

ions-selective electrodes have been constructed
169

. 
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1.3.5 Application in energy device 

      Increasing research efforts have been focused on developing flexible, lightweight, and 

even wearable energy systems because of their potential applications in wearable electronic 

devices such as flexible displays, paper-like mobile phones, and other collapsible functional 

devices. Here I summarized several types of wearable energy systems, including batteries, 

supercapacitors, and fuel cells, based on graphene papers, in my thesis I mainly address to 

applied graphene paper in supercapacitor materials. 

      Supercapacitors (SCs), state-of-the-art charge–storage systems, also known as 

electrochemical capacitors, have attracted much attention as a result of their promising 

features, such as high power densities, fast charge–discharge rates, reliable cycling lives, 

safe operation, and simple two-electrode ‘sandwich’ configuration
170-172

. The macroscopic 

construction of the cell system, as well as the microstructures of electrodes, greatly 

influences the energy and power densities of SCs. According to the equation E =1/2CV
2
, the 

energy density (E) of an SC can be enhanced by increasing the device capacitance (C) 

and/or increasing the cell voltage (V). An efficient way to increase the energy density is to 

fabricate asymmetric SCs (so called hybrid electrochemical capacitors), which can provide a 

wider operating voltage. Graphene has been widely used as electrode materials in SCs. 

Normally, graphene-based powder materials are compressed into graphene membrane 

electrodes. Therefore, there is an obvious boundary between graphene nanomaterial 

electrodes and graphene paper electrodes, except for some specific cases. 

     S.O. Kim et al. reported the development of flexible graphene/mesoporous carbon films, 

which show a specific capacitance value of 86.7 F•g
-1

 in 1 M H2SO4 solution
173

. Later, D. 

Mitlin et al. reported a sponge-like graphene based supercapacitor, which showed an 

extremely high power density of 48 kW•kg
-1174

. 

     In addition to pure graphene, activated graphene materials have proven to be more 

promising as candidates for SC electrodes. R.S. Ruoff et al. reported that the specific surface 

area of the graphene prepared by microwave exfoliation of GO was significantly enhanced 

to 3100 m
2
•g

-1
 after activation by KOH. The activation treatment of graphene not only 

increased its specific surface area but also enabled a superior supercapacitor performance. A 

rectangle-like CV behaviour was maintained at a scan rate as high as 500 mV•s
-1

 in an 

organic electrolyte. Graphene paper was prepared by holey graphene (h-graphene) to 

improve the accessibility of electrolytes and ions to the graphene surface. The ultracapacitor 
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electrodes based on h-graphene showed a remarkably improved volumetric capacitance with 

an approximately 700% increase compared to that of regular graphene electrodes
175

. 

        Boron, nitrogen, phosphorus, oxygen, and sulphur are the most used elements for 

doping graphene. This could lead to an increase of the charge carrier concentration, specific 

surface area, and enhanced capacitance retention. Among these elements, a maximum proton 

loading can be achieved with boron substitution, further establishing the ability of B doping 

to enhance the interfacial capacitance
176

. However, previous studies indicate that the actual 

capacitive performance is much lower than the anticipated value estimated from the 

ultrahigh theoretical surface area, which arises from the aggregation and restacking of 

graphene nanosheets in graphene papers. Therefore, various graphene-based 

composites/hybrids, including metal oxide nanoparticle/graphene and polymer 

chain/graphene papers, have been demonstrated to solve the above problem. Wang’s group 

demonstrated a simple method for preparing flexible, freestanding, three-dimensional porous 

graphene/MnO2 nanorod and graphene/Ag hybrid thin-film electrodes. These graphene 

hybrid films accelerate ion and electron transport by providing lower ion-transport 

resistances and shorter diffusion-distances, thus exhibiting high specific capacitances and 

power performances, and also having excellent mechanical flexibility
177

.  

         Graphene/manganese dioxide (MnO2) composite papers (GMCP) have been fabricated 

by a simple three-step route: preparation of the GO/MnO2 composite (GOMC) dispersion, 

subsequent vacuum filtration of the GOMC dispersion to achieve GO/MnO2 composite 

paper (GOMCP), and finally, thermal reduction of GOMCP to generate GMCP. The 

morphology and microstructure of the prepared samples were characterized by field-

emission scanning electron microscopy, transmission electron microscopy, Raman 

spectroscopy, Fourier transformation infrared spectroscopy, thermal gravimetric analysis, 

and X-ray photoelectron spectroscopy. Moreover, as a binder-free and flexible electrode 

material for supercapacitors, the electrochemical properties of the prepared GMCP were 

evaluated by cyclic voltammetry and galvanostatic charge/discharge tests. As a result, the 

specific capacitance of the GMCP with the MnO2 weight ratio of 24% (GMCP-24) reached 

256 F•g
-1

 at a current density of 500 mA•g
-1

, and also showed good cycle stability, 

indicating a promising potential application as an effective electrode material for 

supercapacitors
178

.  
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      Asymmetric SC can be fabricated by using different graphene composite/hybrid papers 

as positive and negative electrodes, respectively. Compared with conventional symmetric 

SCs, asymmetric SCs can make full use of the different potential windows of the two 

electrodes to broaden the maximum operating voltage of the cell system, which leads to an 

obvious improvement in the specific capacitance and energy density. The ability to fabricate 

flexible electrodes that exhibit very large surface areas and unusual or novel physical and 

electronic properties, and that can be assembled into asymmetric SCs, is therefore necessary 

for applications. 

       Polymer/graphene composite papers have also attracted great attention because of their 

relatively high strength when compared to pure inorganic based electrodes. Moreover, when 

applying graphene in conductive polymers, the conductivity of the polymers would also be 

increased. G. Shi et al. reported a flexible SC based on a polyaniline/graphene film
179

. The 

conductivity of polyaniline fibres was found to be increased up to 44% when the composite 

was made with graphene. This flexible composite SC had a specific capacitance of 210 F•g
-1

 

at a current density of 0.3 A•g
-1

. 

      Supercapacitor performance is significantly affected by the transport rates of electrons 

and ions, which usually depend on the microstructure and conductive characteristics of the 

electrode materials. These can be improved by fabricating interconnected electrode materials 

with a high conductivity and porous structure.
21

 3-D graphene materials, consisting of 

micro-, meso-, and even macroporous networks, can provide high surface area, light-weight, 

and fast ion/electron transport. 
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Fig. 1.17 (A) Schematic drawings illustrating the process to prepare RGO foams. (B and C) 

Cross-sectional SEM images of RGO foams. (D and E) Schematic diagram and optical image 

of the flexible RGO foam supercapacitor. (F) CV curves of the RGO foam supercapacitor 

before bending and while bent.  

      The rGO foam supercapacitor is able to bend. For example, Chen et al. reported a 

“leavening” process to transform compact graphene paper to porous graphene film (Fig.1. 

17) 
29

. They used a filtration assembled graphene paper as dough and hydrazine vapour as 

foaming and reducing agent. Cross-sectional SEM images indicated the formation of an 

open porous graphene foam network with pore sizes in the range of sub-micrometer to 

several micrometers. They concluded that the hydrazine vapour induced gaseous species 

(such as H2O and CO2) were responsible for the formation of the porous structure. They 

built flexible supercapacitors by using freestanding rGO foams as both current collectors and 

electrodes. The specific capacitance of the resulting rGO foam was 110 F•g
−1

. It was found 

that there was only a very slight difference in the CV curves when the distance between the 

two sides of the supercapacitor was changed from 3 to 2 cm under bending. 

      Scale-up assembly of nanomaterials such as graphene and its derivatives is a promising 

way to enable the materials being connected to real-world applications. In our work, Nano-

structured Prussian Blue was used as redox group loading to graphene paper to fabricate a 

new kind paper-like electrode in Chapters 3-5. In Chapters 6-8, graphene papers were used 

as a sacrificial template to synthesize ultralight 2D metal oxide papers. 
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Chapter 2: Experimental materials, methods and techniques  

2.1 Experiment section  

2.1.1 Chemicals and materials.  

      Potassium hexacyanoferrate (III) (K3[Fe(CN)6], 99%), sodium citrate dehydrate (99%), 

hydrogen chloride (HCl, 25 %) and potassium chloride (KCl, ≥ 99%) were obtained from Merck. 

Iron (III) chloride (FeCl3, 98%) from Riedel-deHaën was used. Hydrogen peroxide (H2O2, 34.5-

36.5 %), sodium borohydride (NaBH4 99.995%) and gold (III) chloride tri-hydrate 

(HAuCl4 · 3H2O 99.9%) were from Sigma-Aldrich. Graphite power (< 20 μm, synthetic), sulfuric 

acid (H2SO4, 95–97%), potassium persulfate (K2S2O8, ≥ 99%), phosphorus pentoxide (P2O5, ≥ 

98%), and potassium permanganate (KMnO4, ≥ 99%) were from Sigma-Aldrich. All chemicals 

were used as received. Milli-Q water (18.2 MΩ cm) was used throughout. 

2.1.2 Instrumental methods.  

      UV-vis measurements were carried out using an Agilent Instrument Exchange Service Model 

G1103A. A 5500 atomic-force microscopy (AFM) system (Aligent Technology) was used for all 

AFM imaging. Images were recorded in the tapping mode. Transmission electron microscopy 

(TEM) imaging was performed using a Tecnai G2 T20, and EDS mapping images were obtained by 

Titan Analytical 80-300ST TEM (STEM dark-mode) from FEI Company (Oregon, USA).Scanning 

electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) mapping images were 

obtained by Quanta FEG 200 ESEM (with ETD and BSE detector) from FEI Company (Oregon, 

USA). XPS spectra were recorded on Thermo Scientific X-ray photoelectron spectrometer with an 

Al K-Alpha (1486 eV) x-ray source. All XPS samples were prepared by drop casting materials on 

polished Si-wafer. In all measurements, X-ray spot area was set to 400 µm and a flood gun was 

used for charge compensation. Electrochemical measurements were carried out at room temperature 

(23 ± 2 ° C) using an Autolab System (Eco Chemie, Netherlands) controlled by the Nova software 

or/and using a CHI 760C electrochemical workstation. A three-electrode system consisting of a 

saturated calomel electrode (SCE) as reference electrode, a platinum coiled wire as counter 

electrode, and a glassy carbon electrode (GCE) modified with target materials as working electrode 

was used throughout.  
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2.1.3. Experimental details of GO synthesis 

      GO was prepared by the modified Hummer’s method. The procedure involved two major steps. 

Pre-oxidized graphite was prepared in the first step. In a typical sampling, graphite powder (5.0 g) 

was slowly added to concentrated H2SO4 (8.5 mL) containing P2O5 (2.5 g) and K2S2O8 (2.5 g) and 

the mixture kept in a hot water bath (80°C) under strong stirring for 3 h. After cooling to room 

temperature and diluting with Milli-Q water, the dark green mixture was filtered and washed 

several times until waste solution pH had reached neutral. The pre-oxidized graphite powder was 

collected and dried in an oven at 50 ºC overnight.  

      In the second step, pre-oxidized graphite powder (1.0 g) was slowly added to concentrated 

H2SO4 (23 mL) in an ice-water bath (0°C). KMnO4 (3.0 g) was then added to the mixture under 

slow stirring and keeping the whole process below 20 °C. After removing the ice-water bath, the 

mixture was left to react at 35 °C for 2 h with stirring, and Milli-Q water (46 mL) was added to stop 

reaction. After a few minutes, Milli-Q water (137.5 mL) and 2.5 mL 30% H2O2 solution were 

further added to the mixture, causing the solution color to change rapidly to bright yellow. The 

mixture was then washed with 1:10 HCl solution (v/v, 250 mL) and filtered to remove residual 

metal ions. The crude GO suspended in Milli-Q water was centrifuged at high rotation speed (12000 

rpm min
-1

), and the supernatant containing highly dispersed and stable GO nanosheets collected. To 

remove residual salts and acids, the supernatant was further dialyzed using a dialysis tube (with a 

cut-off molecular mass of 12000-14000) for at least one week, changing the water bath regularly (2-

3 times per day). The concentration of GO was calculated after centrifugation of 1 ml (5 x) GO 

solution and discarding the supernatant. The pellets were dried under vacuum for 3-5 days, and their 

average mass per mL solution taken as the concentration (usually in mg/mL). AFM was used 

regularly for measuring the thickness of the as-synthesized GO nanosheets. To prepare AFM 

samples, 25 µL of 0.002 mg/mL solution was drop cast on mica (2 cm × 2 cm) and dried in a fume 

hood overnight. 

 

2.1.4 Fabrication of electrodes.  

      Glassy carbon electrodes (GCEs) with a geometrical area of 0.07cm
2
 were used as 

support for preparing biosensor or supercapacitor electrodes in this work. First, GCE was 

carefully polished with alumina slurry (1 µm, 0.3 µm and 0.05 µm, respectively). 

Immediately after polish, GCE was rinsed and sonicated in ethanol and Milli-Q water for 3 

min each to remove the alumina residues from the electrode surface. The freshly polished 
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and clean electrode was dried under a slowing nitrogen atmosphere. Second, 20 µL of 

nanocomposite was cast onto the GCE surface, and the electrode was left for dry overnight. 

2.1.5 Evaluation of electrochemical supercapacitive performances.  

The specific capacitance was calculated from the Galvanostatic discharging curves, 

according to the following equation. 

                                                             𝐶𝑠 =
𝐼×∆𝑡

∆𝑉×𝑚
                                                (2.1) 

Where Cs is the specific capacitance, I is the current applied, Δt is the discharging time, ΔV 

is the potential window, and m is the mass of the electroactive material.  

The energy density (E) of various materials was estimated using the following expression.  

                                                       𝐸 =
1

2
𝐶𝑉2                                               (2.2) 

Where E, C, and V are the energy density (W h kg
−1

), specific capacitance (F g
−1

), and the 

potential window applied (V), respectively. 

2.2 Instrumental techniques  

      A variety of techniques were employed in preparation and characterization of materials 

and construction and functional tests of sensors and devices. The techniques that need 

particular emphasis include synthetic chemistry for nanoparticles and graphene, AFM, TEM, 

XPS and XRD for materials characterization, and electrochemistry and 

photoelectrochemistry for functional tests. 

2.2.1 Electrochemistry  

      Electrochemistry is the branch of physical chemistry, in which chemical reactions taking 

place at interfaces of electrode/electrolyte can be studied. These reactions involve electric 

charges moving between the electrode and the electrolyte (or ionic species in a solution). 

Electrochemistry deals with the interaction between electrical energy and chemical 

changes
1
. 
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      When a chemical reaction is caused by an externally supplied current, as in electrolysis, 

or if an electric current is generated by a spontaneous chemical reaction as in a battery, it is 

called an electrochemical reaction. In contrast, chemical reactions where electrons are 

transferred directly between molecules and/or atoms are called oxidation-reduction or redox 

reactions
2
. In general, electrochemistry describes the overall reactions when individual redox 

reactions are separate but connected by an external electric circuit and an intervening 

electrolyte.  

      Electrochemistry as a branch of chemistry, it has been applied in different fields, such as 

chemical sensors, energy conversion and storage, catalysis and corrosion
3
. Demanded by 

various applications, many electrochemical techniques have been developed and updated in 

the past sevel decades. For instance, the techniques such as cyclic voltammetry (CV), 

chronoamperometry, linear sweep voltammetry (LSV), and different pulse voltammetry 

(DPV) are well developed and have been mostly widely used. In the present project, we 

have mainly explored CV, chronoamperometry and constant-current charge-discharge methods. 

      CV is a common method for initial studies of electrochemical systems, which uses a 

three-electrode setup to analyze the potentials at which reactions occur in a specific system
4
. 

Several different voltage-time functions sometimes denoted as excitation signals can drive to 

the working electrode, such as linear scan, differential pulse, square wave, etc
1,4

. Linear 

sweep voltammetry (LSV) is the simplest method among these potential sweep techniques. 

The most useful method is CV as schematically shown in Fig. 2.1. 

  

Fig. 2.1 Cyclic voltammetry curve, showing changes of potential as a function of time
7
. 

      In this case, the potential is initially swept from V1, and the slope is the scan rate 

(Fig.2.1B shown different scan rates). On arriving at V2, the potential sweep is reversed 

with the same speed until returned to the original potential V1. The diagram of CV is current 

vs. potential as a function, and the scan rates can vary from a few mV/s to thousands of V/s. 
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2.2.2 Electron microscopy 

      Electron microscopy has emerged as a very powerful tool to characterize nanomaterials, due to 

its capability to provide very useful structural and morphologic information about materials such as 

shape and size 
5
. 

      With the development, macroscopically structural characterization is not enough for scientific 

research. Electron microscopy especially TEM, it is one of the most powerful techniques to 

characterize materials at the nanometer-scale even atomic-level feature, Due to the small de Broglie 

wavelength of electrons, TEM is capable of imaging specimens at resolutions up to the atomic level. 

TEM has multiple imaging modes that enable examination of specimens from various aspects. The 

structure of materials, the growing of crystal constituents and analysis of element distribution could 

be achieved 
5
. 

      TEM utilizes energetic electrons to provide morphologic, compositional and crystallographic 

information on samples. By now, nanometer scale even atomic-level analysis of materials could be 

achieved by TEM. At a maximum potential magnification of 0.4 nanometer, TEMs are among the 

most powerful microscopes. TEMs produce high-resolution, two-dimensional images, allowing for 

a wide range of educational, science and industry applications. The working principle of TEM is 

shown schematically in Fig. 2.2, a high-energy electron beam transmits through the sample. The 

transmission of electron beam is highly dependent on the properties of the materials examined. 

Such properties include electron density, chemical composition, etc. For example, porous material 

allows more electrons to pass through while dense material allows much less. As a result, a 

specimen with a non-uniform density can be examined by TEM. Whatever part is transmitted is 

projected into an image for the user to see. 

     As shown in Fig. 2.2, the structure of a TEM instrument mainly includes five parts: electron 

source, electromagnetic lenses, sample, detectors and vacuum system. The electron source is an 

electron gun that consists of a cathode and an anode. According to different working principles of 

electron emitting, there are two kinds of electron gun. One is the negative electron gun made of W 

or LaB6, and the other  is field emission gun (FEG) 
5
. 
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Fig. 2.2 Schematic view of the structures of a TEM instrument 

      In general, at least double electromagnetic lenses are used in all TEM instruments. In the new- 

generation TEM, a mini-condense lense is also equipped to improve imaging resolution. These 

lenses can be classified as the condenser lens, the objective lens, and the projector lens. The 

condenser lenses are responsible for primary beam formation, while the objective lenses focus the 

beam that comes through the sample itself (in STEM scanning mode, there are also objective lenses 

above the sample to make the incident electron beam convergent). The projector lenses are used to 

expand the beam onto the phosphor screen or other imaging device, such as film. The magnification 

of the TEM is due to the ratio of the distances between the specimen and the objective lens' image 

plane. Detector (e.g. electron detector and X-ray detector): Electron beam hits the sample, some 

electrons will pass through a thin-section specimen of a material, electrons are scattered and 

absorbed within the specimen. A sophisticated system of electromagnetic lenses focuses the 

scattered electrons into an image or a diffraction pattern, or a nano-analytical spectrum, depending 

on the mode of operations.  
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2.2.3 X-ray diffraction techniques 

      X-ray diffraction technique has become a common method for characterizing solid materials 

since the second half of the 20th century
6
. The basis for this method was created by W. Friedrich, P. 

Knipping, M. von Laue, W. H. Bragg and W. L. Bragg along with P. P. Ewald during their studies 

of condensed crystalline matters. The method has been used for determining the degree of 

crystallinity in solid samples, as well as identifying the individual phases present. It is even possible 

to evaluate the relative amount of the phases and crystallite size. 

      In X-ray diffraction, a solid sample with X-ray waves at an angle. Depending on the 

arrangement of the atoms and their distances relative to one another, the diffracted waves may 

interfere in a constructive, destructive or partially destructive manner. Diffraction happens when the 

waves excite atoms and are emitted in a random direction. The Bragg’s law is the key equation for 

X-ray diffraction techniques as it describes the conditions necessary for constructive interference 
6
. 

n λ=2 d sin(θ)                                    (2.3) 

Where n is the diffraction order, λ the wavelength of the x-rays, d the interatomic distance and θ the 

incident angle of the x-ray on the sample. A simple illustration of Bragg’s law applied on two 

planes can be shown in Fig. 2.3. 

 

Fig. 2.3. X-ray diffraction on a two-plane system, with periodically placed atoms. 

2.2.4 X-ray photoelectron spectroscopy  

      X-ray photoelectron spectroscopy (XPS) is a technique used to get information about the 

surface composition of materials 
7
. The instrument uses an X-ray gun to excite core electrons in the 

material causing them to be emitted with a kinetic energy equal to the difference between the 

binding energy of the electron and the energy of the X-ray photon. The detector counts the emitted 
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electrons and separates them by their kinetic energy. A principle sketch of a XPS instrument is 

shown in Fig 2.4. Since the energy of the X-ray photons are known, the binding energy of the 

electrons can be calculated and used to determine the identity and relative quantity of different 

atoms on the surface. Further analysis of the peaks can be used to distinguish between the different 

types of bonds present. 

 

Fig. 2.4 Principle sketch of the insides of an XPS instrument with an X-ray source firing on 

the sample while the emitted electrons are detected by an electron energy analyzer. 

2.2.5 Atomic force microscopy   

      Atomic force microscopy (AFM) is an amazing technique, which allows us to see and measure 

surface structures with unprecedented resolution and accuracy. AFM is rather different from other 

microscopes, because it does not form am image by focusing light or electron onto surface. AFM 

physically feels a sample surface via a sharp probe, building up a map of the height and structural 

variations of the sample surface. The working principles of AFM can be simplified illustrated in Fig. 

2.5. Generally, the probe, typically a piezoelectric element, is made of silicon or silicon nitride 

cantilever coating with a much smaller integrated tip. The deflection from bending of cantilever 

depends on the forces acting between tip and sample, and is detected by a laser focused on the 

cantilever. The most common AFM operation modes, according to the nature of the tip motion, are 

the contact mode and tapping mode.
8
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Fig. 2.5 Working principles of an AFM instrument. 
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Part 2. Prussian Blue functionalized graphene composites for 

electrochemical sensing and energy applications 

     As mentioned in Part 1, graphene paper as an attractive material was widely used in flexible 

substrate, supercapacitor and sensor, especially in electrochemical sensors. In this part, we have 

explored the combination of redox active Prussian Blue (PB) nanostructures with 

chemically exfoliated graphene to prepare multifunctional composites as electrochemical 

catalysts and supercapacitor electrode materials.  

     Prussian blue (PB), as a non-enzymatic but enzyme mimicking catalyst, has been explored for 

applications in chemical sensors, biosensors, energy devices and water quality monitoring, due to 

the fact that PB and its analogues are considered as promising energy storage materials, because the 

theoretical specific capacity of PB can be as high as 170 mA h g
-1 

. In addition, the facile synthetic

procedure, nontoxicity and low cost of PB based materials make them have potential favouring for 

large-scale production and multifunctional applications. In Chapter.3, high-quality PB nanocube-

rGO hybrids were successfully synthesized by using K4Fe(CN)6 as the only iron-source. 

Simultaneous reduction and functionalization of GO have been achieved by a one-step procedure 

with the green nature of reactions. The as-synthesized PB nanocubes were wrapped by rGO 

nanosheets to form an interlocked stable structure. This unique structured microcomposite not only 

can act as an electron mediator, but also can stabilize PB nanocubes in electrochemical 

environments, which altogether enables these hybrid materials to hold multifunctional applications. 

Given the fact that PB displays low conductivity, in Chapter 4, AuNPs was used as the core 

material, PB was coated on AuNPs surface in nanoscale, and thus core-shell structural Au@PB NPs 

was successful synthesized to enhance conductivity. More importantly, the size-effect of AuNPs for 

self-catalysis formation of Au@PB NPs is not clear at present in terms of detailed mechanisms, thus 

in Chapter 4 one key focus was on studying size-effect of using AuNPs as catalyst for self-catalysis 

formation of Au@PB NPs. Another focus is on the size-dependent electrocatalysis of H2O2 

reduction by the as-synthesized core-shell NPs. In Chapter 5, as the synthesized core-shell 

structured Au@PB nanopatrticles were loaded on single-layer GO nanosheets, then the resulting 

hybrid nanosheets was assembled into free-standing graphene papers directly used as 

electrochemical sensors. These graphene-paper based electrodes displayed high performances in 

electrocatalytic reduction of hydrogen peroxide.  
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Chapter 3: Interlocked graphene-Prussian blue hybrid composites enable 

multifunctional electrochemical applications 

3.1 Introduction 

      Prussian blue (PB), as a non-enzymatic but enzyme mimicking catalyst, has been explored for 

applications in chemical sensors 
1-3

, biosensors
4-8

 , energy devices
9,10

 and water quality monitoring
11

.

PB and its analogues are considered as promising energy storage materials, because the theoretical 

specific capacity of PB can be as high as 170 mA h g
-1 9

. In addition, the facile synthetic procedure,

nontoxicity and low cost of PB based materials make them hold potential favouring for large-scale 

production and multifunctional applications. However, to date these great potentials have been far 

from exploitation, as the practically achieved specific capacity of PB is much lower than theoretical 

expectation. PB also suffers from low Coulombic efficiency and poor cycling stability, which has 

limited its practical utilization as energy materials. This has largely originated in the poor process 

used in the PB crystal growth, in which coordinated water is hardly avoided and occupies most 

vacancies of the PB crystal. Moreover, the water-occupied vacancies may induce a lattice distortion, 

which dramatically affects both the specific capacity and Coulombic efficiency, and deteriorates 

overall electrochemical performances. In most cases, PB prepared by the direct precipitation 

reaction of the M
m+

 cations and the [M(CN)6]
n-

 anions in a neutral aqueous solution always contains

a large number of vacancies occupied by coordinated water, because of the fast precipitation 

process. However, a recent report showed that high-quality PB nanocubes or/and analogues without 

coordinated water can be synthesized by employing Na4Fe(CN)6 as a single iron-source precursor, 

and the resulting material was tested as cathode electrodes for sodium-ion battery with impressive 

electrochemical performances
12, 13

. This was achieved by a slow process for growth of PB crystals,

so that the number of vacancies occupied by coordinated water is dramatically reduced or even 

completely eliminated in some cases.  

      As noted in Chapter 1, graphene holds considerable promise for its potential applications in 

many technological fields such as nanoelectronics
14,15

, sensors 
16-18

, functional nanocomposites
8, 19, 

20
, and energy devices 

21-25
. Graphene has been prepared by a variety of methods, including 

mechanical exfoliation
26, 27

, modified Hummers’ methods 
28, 29

, and chemical vapour deposition

(CVD)
 15, 30

. Among these methods, wet-chemical reduction of exfoliated GO is an efficient

approach to large-scale production of graphene nanosheets at low cost. However, the most 
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commonly used methods for reduction of GO are carried out using hydrazine and its derivatives 
31, 

32
 as reducing agents. The use of highly toxic and dangerously unstable hydrazine or dimethyl 

hydrazine to reduce GO is not desirable for many applications. Recently, mild conditions were 

reported to reduce GO using gentle reducing agents such as L-ascorbic acid 
33

, reducing sugars 
34

and others. Among many green reducing agents, glucose is of particular interest in reducing GO 

because of its high ability, relatively low-cost, and enabling environmentally friendly reactions. In 

this work, we used glucose as a co-reducing agent. Based on the fact that GO is an efficient electron 

acceptor 
35-38

, GO can be reduced by electron-rich materials such as metals, metal ions, 

biomolecules or bacteria. This has been demonstrated by several recent reports 
2, 37, 39

. In general, to

obtain rGO based functional hybrid materials two steps including reduction and functionalization 

are normally involved. For example, PB functionalized graphene materials were prepared by mixed 

PB nanoparticles (PBNPs) directly with rGO, so that PBNPs were confined by electrostatic 

attraction in rGO papers 
8
. Zhang et al

 40
 and Qian et al. 

41
 used various reducing agents to reduce

GO and Fe
3+

 to prepare rGO-PB hybrid materials. In the present work, we report the preparation of

high-quality PB nanocube-rGO hybrids by using K4Fe(CN)6 as the only iron-source. As 

schematically illustrated in Fig.3.1, simultaneous reduction and functionalization of GO have been 

achieved by a one-step procedure with the green nature of reactions. The as-synthesized PB 

nanocubes were wrapped by rGO nanosheets to form an interlocked stable structure. This unique 

structured microcomposite not only can act as an electron mediator, but also can stabilize PB 

nanocubes in electrochemical environments, which altogether enables these hybrid materials to hold 

multifunctional applications.  

Fig. 3.1 The schematic preparation procedure and electrochemical mechanisms of G-rGO-PBs. 
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3.2 Synthesis of G-rGO-PB composite 

      To synthesize high-quality PB modified rGO (G-rGO-PB), 2 mL GO (1 mg/mL) 

solution was mixed with 10 mL K4Fe(CN)6 (10 mM), 2 mL (40 mg/mL) glucose and 1 mL 

0.5 M HCl. The mixed solution was stirred for 10 min and then heated at 60 °C in a 

microwave for 3h. The raw product was collected and purified by centrifugation and 

filtration. rGO-PB was prepared in the same procedure but in the absence of glucose and is 

used as a reference sample.  

3.3. Results and discussion 

3.3.1 One-step eco-friendly synthesis of G-PB-rGO composites 

High quality and stable GO was prepared by the modified Hummer’s method
2
. GO was

well dispersed in pure water, and its UV-vis spectrum is shown in Fig. 3.2 (brown curve). 

We compared the efficiency of glucose and PB precursor for the reduction of GO. In 

comparison with PB-rGO (Fig. 3.2), GO was further reduced in the presence of glucose. The 

glucose-rGO (G-rGO) exhibits an absorption peak at 260 nm, while the PB-rGO retains a 

shoulder peak at 300 nm due to the n-π* transitions of C=O bonds. This indicates that 

glucose is a stronger reducing agent for GO reduction. However, PB precursor offers 

electroactive functionalization of GO, as evidenced by the new absorption peak around 725 

nm from the PB component 
8
. Therefore, we used both PB precursor and glucose as co-

reducing agents to simultaneously reduce GO and functionalize rGO in microwave-assisted 

one-step synthesis to obtain G-PB-rGO composite. To gain more details, Raman spectra 

were recorded (Fig. 3.3). The D band of GO, rGO-PB and G-rGO-PB that originated in the 

defects of graphitic planes is located at  1363, 1363 and 1365 cm
-1

, respectively; and the G

band related to the in-plane vibrations of sp
2
 is observed at 1594, 1594 and 1595 cm

-1
.
 
The

ID/IG ratio of GO, rGO-PB and G-rGO-PB is 1.6, 1.4, and 1.1 respectively, which 

significantly decreases and indicates that GO was better reduced by the additional presence 

of glucose to restore the graphitic feature.   
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Fig. 3.2 UV-vis spectra of GO (brown curve), rGO-PB (red curve), glucose reduced graphene 

oxide (black curve) and G-rGO-PB (blue curve). Insets show digital photographs of GO (A), 

rGO (B), rGO-PB (C) and G-rGO-PB (D) solutions. 

Fig. 3.3 Raman spectra of GO, rGO-PB and Glucose-rGO-PB. 

      The reaction mechanisms are also discussed. Because of its large stability constant (Ks = 

1.0×10
35

), [Fe(CN)6]
4-

 anions are very stable in neutral solutions at room temperature, and

almost there is no free Fe
2+

 ions detectable 
13

. However, Fe
2+ 

will get free from K4Fe(CN)6
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crystal in acid media (pH~1.7), and it is then oxidized to Fe
3+

. The released electrons

together with H
+
 would react with oxygen-containing groups on GO, leading to the partial

reduction of GO to rGO at room temperature. In the meantime, once Fe
3+ 

ions were

generated, they strongly interacted with carboxyl groups of GO and adsorbed on GO via 

electrostatic and coordinating interactions 
42

. In other words, this means that Fe
3+

 would be

confined (or coordinated) on the surface of GO. Furthermore, the confined Fe
3+

 ions reacted

with [Fe(CN)6]
4-

 to form PB cubes. This enables to form PB nanostructures wrapped with

rGO nanosheets. The key reactions could be described by the following chemical equations.  

𝐺𝑂 + 𝐾4𝐹𝑒(𝐶𝑁)6 → 𝑟𝐺𝑂 − 𝑃𝐵  (3.1) 

𝐺𝑂 + 𝑛𝐻+ + 𝑛𝑒_ → 𝑟𝐺𝑂 + 𝐻2𝑂  (3.2) 

2𝐹𝑒2+ + 2𝐻+ → 2 𝐹𝑒3+ + 𝐻2  (3.3) 

𝐾+ +  𝐹𝑒3+  +  [𝐹𝑒(𝐶𝑁)6]4− → 𝐾{𝐹𝑒𝐹𝑒(𝐶𝑁)6}      (3.4)

Clearly, this solution-processed procedure allows the formation of PB cubes on GO and GO 

reduction in one step. The advantages likely include reactions occurred at low temperatures, no 

toxic reducing agents involved, low cost, and highly conductive composite obtained. To illustrate 

the K4Fe(CN)6 role that provides electrons for reduction of GO, different control experiments were 

designed and performed. Our observations include: 1) GO is not to be reduced in the absence of 

K4Fe(CN)6 in neutral solutions. 2) The presence of acid is essential for GO reduction by K4Fe(CN)6. 

When HCl is at low concentrations or there is no HCl, only very little PB was generated although 

GO was still partially reduced. This is due to the fact that free Fe
2+

 ions dissociate from K4Fe(CN)6

only occurs in acidic media. 3) Microwave plays a significant role as well. GO can be reduced by 

K4Fe(CN)6 in acid media at room temperature, but it takes much longer (at least 24 h). 4) The 

introduction of glucose as a co-reducing agent significantly enhanced the conductivity of 

composites by an improved reduction of GO.  

3.3.2 Structural characterization of G-rGO-PB composites 

      The as-synthesized composites were examined first by powder X-ray diffraction (Fig. 3.4). In 

the XRD patterns, the peaks at 2θ=17.5°, 24.8°, 35.3°, 39.6°, and 43.6° correspond to the (2 0 0), (2 
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2 0), (4 0 0), (4 2 0), and (4 2 2) reflections, respectively. Both rGO-PB and G-rGO-PB patterns 

exhibit the characteristic diffractions of mixed-valence compound with a face-centred 

cubicstructure (JCPDS card no. 73-0687), which indicates that PB cubes prepared by microwave 

were highly crystallized. Compared to GO, for rGO-PB samples the peak at 2θ=10.5 almost 

disappears, which is the evidence that GO was reduced by glucose and Fe
2+

. To further investigate

the interaction between PB and rGO, PB was prepared by directly mixed FeCl3 with K4[Fe(CN)6], 

as shown in Fig. 3.4, the diffraction peaks for such samples are broadening with lower intensity due 

to the smaller size of powder particles and poor crystallinity. The diffraction peaks of all rGO-PB 

samples are found to have a slight shift, which may be due to the distortion of PB lattices arising 

from the vacancies occupied by coordinated water in PB. It shows that high-quality PB nanocubes 

with a small number of vacancies and low interstitial water content were prepared by using 

K4Fe(CN)6 as the only iron-source.  

Fig. 3.4 XRD patterns of different samples including pure PB, GO alone, rGO-PB and G-

rGO-PB composites. 

      The samples were further analyzed by X-ray photoelectron spectroscopy (XPS). The XPS 

spectrum of GO (supporting information) shows intensive O 1s but relatively weak C 1s peaks, and 

the C 1s XPS spectrum of GO confirms various oxygen-containing groups (OCGs) such as C=O 

and C–O existing on GO, which indicates that GO has abundant OCGs on the surface of GO sheet. 

The ratio of C/O was determined as about 3:2. The XPS survey spectrum of G-rGO-PB show that, 

not only O 1s peak significantly decreases and C 1s peak obviously increases, but also the peaks at 
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398.3 eV corresponding to N1s and peaks at 708.2 eV corresponding to Fe 2p are observed, which 

suggests the introduction of PB nanocubes into rGO planes (Fig. 3.5). The C 1s XPS spectrum of 

G-rGO-PB shows different carbon atoms in different functional groups: the non-oxygenated ring 

C/(C–C) (284.7 eV), the C in C–O bonds (286.8 eV), and the carboxylate carbon(C=O) (287.6 eV). 

The main peak at 284.8 eV was clearly seen, an indicative of only partial reduction of GO. 

Compared to GO, the signal of C–O in the C 1s spectrum of G-rGO-PB becomes much weaker, and 

the calculated ratio of C/O changed to about 2:1. These results conclude that considerable 

deoxygenation occurred by glucose and Fe
2+

 reduction, resulting in the recovery of graphitic planes

on rGO, where a number of OCGs remain on the graphene plane that can serve as the anchoring 

sites for the growth of PB nanocubes. The high-resolution Fe 2p spin–orbit doublet spectra of 

PB/rGO composites were recorded. The binding energies of Fe
 
p3/2 and Fe 2p1/2 were observed at 

712.3 and 721.2 eV, respectively, which correspond to the Fe
3+

 ions. The peak at 708.4 eV is due to

Fe
2+

 2p3/2 in PB cubes. The ratio of Fe
3+

/Fe
2+

 was determined as approximately 1.6 to 0.9, which is

largely expected for PB materials. These results confirm the formation of PB that has well-defined 

crystalline structure. The high-resolution N 1s spectrum of G-rGO-PB is de-convoluted into three 

peaks with the binding energy of 397.5, 399.5, and 403.1 eV, respectively. The peak at 397.5 eV 

can be attributed to Fe–C≡N bonds of PB cubes, and other peaks (including pyrrolic N2 and 

pyridine N-oxide N3) reflect the diverse forms of nitrogen functional groups. The peak for Fe–C≡N 

is predominant in intensity, suggesting that nitrogen atoms detected are mainly from PB. 
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Fig. 3.5 XPS spectra of G-rGO-PB. 

Fig. 3.6 AFM (A) and TEM (E) images of single layer GO; (C) and (D) cross-sectional profiles of 

GO and G-rGO-PB; AFM (B) and TEM (F) images of G-rGO-PB.  (G) Corresponding SAED pattern 

of G-rGO-PB. (H) SEM images of G-rGO-PB. 

      Microscopy techniques were also used to characterize the structures of samples. As we 

expected, single layer GO sheets with the lateral dimension in the range of 0.5 to 5 µm were 

firstly obtained, as indicated by AFM (Fig. 3.6A) and TEM images (Fig. 3.6E). In 

comparison, as can be seen in FE-SEM images of the final product, G-rGO-PB (Fig. 3.6), high 

quality cubic PB nanocrystals with regular cubic shape and the size about 500 nm was wrapped by 
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rGO nanosheets. Comparing SEM images of PB with those for rGO-PB and G-rGO-PB (Fig. 3.6), it 

is found that the size distribution of PB nanocubes wrapped by rGO is more uniform than naked PB 

cubes. The most likely reason is that Fe
3+

 was locked by –OOH groups and GO induced the directed

growth of PB crystals on its surface. In contrast, the growth of PB crystals in the absence of GO 

nanosheets took place randomly. AFM and TEM images thus confirm the presence of distributed 

PB nanocubes in graphene matrix (Fig. 3.6). A TEM image of nanocubes with regular cubic shape 

is shown in Fig. 3.6F. The selected area electron diffraction (SAED) pattern (Fig. 3.6G) taken from 

an individual nanocube can be indexed to the (2 0 0), (2 2 0), (4 0 0) and (4 4 0) lattice planes of PB, 

which confirms that the PB nanocubes in the rGO-PB composite are single-crystalline. This result is 

clearly consistent with the XRD analysis (Fig. 3.4). 

      Moreover, there were no isolated PB nanocubes observed, but all PB nanocubes were 

interlocked by the rGO sheets—that can be found in all samples, indicating the formation of rGO-

PB composites (Fig. 3.6). The results demonstrate that the PB nanocubes can be embedded into a 

graphene matrix consisting of individual rGO nanosheets, leading to a highly stable interlocked 

composite structure. 

      In order to investigate the elemental distribution in G-rGO-PB composites, scanning electron 

microscopy (SEM) and mapping analysis were performed. SEM mapping images of C, O, and Fe 

elements are provided in Fig. 3.7. All atoms were distributed uniformly in the composite, and it is 

also suggested that PB nanocubes have a high coverage on rGO sheets. 



Chapter 3. Interlocked PB-rGO composites for multifunctional applications  

_______________________________________________________________________________________ 

58 

58 

Fig. 3.7 EDX mapping images of G-rGO-PB composites. The scale bars: 5 μm. 

3.3.3 Electroactivity of G-rGO-PB composites 

      To study the electrochemical behaviour of G-rGO-PB hybrid nanomaterials, the as-prepared PB, 

rGO-PB, and G-rGO-PB coated electrodes were evaluated by a three-electrode configuration in 0.1 

M KCl aqueous electrolyte with the potential window of −0.4 to 0.8 V and the scan rate of 50 mV 

s
−1

. Representative cyclic voltammograms (CVs) are compared in Fig. 3.8. The CV of pure rGO

electrodes shows nearly rectangular shape, suggesting ideal electrical double-layer capacitive 

(EDLC) behaviour. The PB, rGO-PB and G-rGO-PB electrodes display evident redox couples with 

reversible redox peak profiles. The pair of redox peaks are observed at the formal potential of 

around 0.21 V (vs SCE), as expected for PB materials. In addition to the redox peaks from the PB, 

the CVs of rGO-PB and G-rGO-PB electrodes also show the significant expansion rectangular 

capacitive responses with much boosted current, revealing the effective combination of the 

electroactive component (PB) and capacitive rGO component. Although PB, rGO-PB and G-rGO-

PB electrodes show comparably high electrochemical activity, their electron transfer kinetics are 

notably different. The peak separation (ΔEP) of PB, rGO-PB and G-rGO-PB is found to be 0.49, 

0.11 and 0.10 V at a scan rate of 50 mV/s, respectively.  The rate constant (ks) was thus calculated 

by the Laviron method as 0.04 s
-1

, 3.8 s
-1

, and 65 s
-1

 corresponding to PB, rGO-PB and G-rGO-PB,

respectively 
43

. These results demonstrate that the overpotential of redox process of the Fe(II/III) at

G-rGO-PB electrode is notably lowered and the electron transfer rate is significantly enhanced, 

because GO was highly reduced in the presence of glucose to improve electrical conductivity, and 

further PB nanocubes were attached to rGO to form a synergistic hybrid network favouring 

electronic coupling for interfacial electron transfer. In order to further investigate the 

electrochemical behaviour of G-rGO-PB hybrid composites, PB and G-rGO-PB electrodes were 

tested further by electrochemical impedance spectroscopy (EIS) with the results compared in Fig. 

3.9. The EIS spectra were fitted with the appropriate equivalent circuits. Due to all PB cubes were 

networked by rGO sheets, the charge transfer resistance (Rct) of G-rGO-PB (~ 0.09 kῼ) is at least 

a 60-fold lower than that for pure PB cubes (~ 6.7 kῼ). This observation is consistent with the 

results obtained from CVs (Fig. 3.8) and also suggests that G-rGO-PB is a promising material 

for supercapacitor electrodes or as building blocks for electrochemical sensors, both of which have 

been tested.  



Chapter 3. Interlocked PB-rGO composites for multifunctional applications  

_______________________________________________________________________________________ 

59 

59 

Fig. 3.8 Cyclic voltammograms of different materials based electrodes in Ar-staturated 0.1 M KCl, 

obtained with a scan rate of 50 mV/s. 

Fig. 3.9 Typical Nyquist plots obtained for PB (A) and G-rGO-PB (B) and represents the circuit used 

in the fitting of the EIS, electrode in 0.1 M KCl solutions at a fixed potential of 0.2 V (vs. SCE). 

3.3.4 Application of hybrid composites 

3.3.4 .1 Supercapacitor electrodes 
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      The CVs of as-prepared PB, rGO-PB and G-rGO-PB in 1 M KCl electrolyte with the potential 

window from -0.4 to 0.8 V (vs. SCE) were recorded. The capacitive performance of G-rGO-PB 

electrodes was further investigated with galvanostatic charge–discharge cycles. Figure 3.10, 

compare charge–discharge curves of rGO-PB and G-rGO-PB electrodes at different applied current 

densities. The specific capacitance (Csp) of respective materials was calculated from the discharge 

curves under different experimental conditions, and the results are compared in Table 3.1. PB and 

its analogues are considered as promising energy storage materials, because of their high theoretical 

capacity. In our tests, however, the Csp of pure PB materials is very low, only 4.42 F g
−1

 even at a

low current density of 0.25 A g
−1 

(Table 3.1) as well as poor cycling stability was observed (Fig.

3.10D). This is mainly due to its poor conductivity and limited stability in neutral solutions. In 

contrast, the Csp of G-rGO-PB electrodes at 0.25 A g
−1

 can reach 428.83 ± 5 Fg
−1

, which is

significantly higher if compared to pure rGO (14.7 F g
−1

) and rGO-PB (165.83 ± 2 F g
−1

) under the

present testing conditions. This is because rGO nanosheets not only can interlock PB cubes but also 

can enhance the overall conductivity. In addition, G-rGO-PB electrodes show good cycling 

performance. For example, after 1000 continuous charge-discharge cycles at 2 A/g, Csp was 

maintained at about 94% (238.13 F g
-1

) of the initial capacitance. In the same condition, pure PB

only retained approximately 50% of its specific capacitance. The results suggest that rGO not only 

served as electrically conductive support but also protected PB and improved PB stability in 

electrochemical environments. In addition, the Csp of G-rGO-PB is higher than the theoretical 

capacity of pure PB. The significant enhancement in electrochemical performance by G-rGO-PB 

composite is attributed to positive synergetic interactions between the two components, in which the 

PB nanocubes contribute large pseudo-capacitance and rGO offers high electric double-layer 

capacitance and conductance. 
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Table 3.1 Comparison of specific capacitance and energy density obtained with various materials 

and current densities applied. 

Fig. 3.10 Electrochemical performances of hybrid composites: (A) and (B) charge-discharge curves 

of rGO-PB G-rGO-PB in Ar-staturated 1 M KCl solution with applied various current density. (C) 

charge-discharge curves of rGO-PB (blue curve) and G-rGO-PB (red curve) in Ar-staturated 1 M 

KCl solution at 0.25 A g
−1

. (D) Cycling stability of supercapacitor electrodes (Csp vs the number of

cycles). 

Materials Current density applied 

(A g-1) 

Specific capacitance 

(F g-1) 

Energy density 

(W h kg-1) 

PB 1.00 1.17 0.42 

0.25 4.48 1.60 

rGO 1.00 1.47 0.53 

0.25 11.04 3.98 

rGO-PB 1.00 40 14.40 

0.25 165.83 59.7 

G-rGO-PB 1.00 385 138.60 

0.25 428.83 154.38 
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3.3.4.2 Biosensing electrocatalysis 

      To qualitatively evaluate the electrocatalytic activity, CVs of the rGO-PB and G-rGO-PB 

sensors in 0.1 M KCl solutions containing 500 μM H2O2 were first recorded (Fig. 3.11A and B). 

While electrocatalytic reduction of H2O2 by rGO-PB started at 0.2 V (vs SCE) and tended to reach a 

maximum current at potentials more negative than −0.1 V, G-rGO-PB invoked electrocatalytic 

reduction of H2O2 starting at 0.3 V (vs SCE) with a maximum response at potentials more negative 

than −0.1 V. In order to quantitatively evaluate the performance of electrocatalytic sensing to H2O2, 

both chronoamperometry and differential pulse voltammetry (DPV) were used in measurements.  

Chronoamperometric responses were recorded at -0.1 V with successive additions of H2O2. Typical 

current-time curves are shown in Fig. 3.11C. Both rGO-PB and G-rGO-PB electrodes displayed 

steady-state responses upon successive addition of H2O2. A subsequent addition of H2O2 to a 

stirring 0.1 M KCl solution resulted in a remarkable increase in the reduction current, which shows 

the electrocatalytic activity of the modified electrodes towards the reduction of H2O2. The linear 

relationship between the H2O2 concentration and catalytic current is found in the range of 1.6 to 70 

μM at G-rGO-PB electrodes (Fig. 3.11D), with a detect limit of 0.5 μM. The linear regression 

equation with a high correlation coefficient (R) of 0.998 is obtained, and the sensitivity is estimated 

as 1.5 A cm
−2

 M
−1

, over 3-fold higher than that for rGO-PB (≈ 0.5 A cm
−2

 M
−1

).

      To further verify the performance, some characteristic tests of G-rGO-PB composites were 

performed. The relative standard deviation for 3 repeated measurements of 50 μM H2O2 was 3.4%, 

which illustrated that the electrochemistry response of G-rGO-PB toward the reduction of H2O2 was 

highly reproducible. In order to explore the specific detection of H2O2 using the present materials, 

the interferences of common ions (1 mM Na
+
, Mg

2+
, and Ca

2+
) and small molecules (e.g. dopamine,

urea acid and ascorbic acid) were investigated. The non-enzymatic chronoamperometric detections 

of 10 μM H2O2 were performed at -0.1 V with successive additions of H2O2 and possible 

interference species. The typical current-time curve suggests that no significant interference for 

determination of H2O2 was detected upon the presence of these selected ions and compounds. Thus, 

the composite holds potential for use of detections of H2O2 in practical mixture samples. Moreover, 

for most PB based electrochemical sensors Nafion is often used to protect the material and to 

eliminate redox interferences. However, the Nafion film could slow down interfacial electron 

transfer between PB and support electrode as well as affect mass transportation of analytes. In the 

present case, the composite is prepared in the form of interlocked structures. Such structural 
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configuration not only can stabilize PB cubes but also appears to improve the selectivity of H2O2 

detection.   

Fig. 3.11 CVs of rGO-PB (A) and G-rGO-PB (B) in Ar-staturated 0.1 M KCl (dot) and contained 

500 μM H2O2 (solid) at 10 mV /S; (C) Amperometric responses of the rGO-PB (black curve) and G-

rGO-PB(red curve) electrodes to successive additions of H2O2 at −0.10 V into the stirred Ar-saturated 

0.1 M KCl solution. (D) The calibration curves of the current response to different concentrations of 

H2O2. 

3.4. Conclusions 

      A novel, green and low-cost method has been explored in this work to prepare high quality 

Prussian blue nanostructure decorated graphene hybrid materials. Graphene oxide is able to be 

reduced under mild conditions (low temperature, green reducing agent) without the use of any toxic 

reagents, accompanied by the formation of PB nanocubes in the one-step procedure. High quality 

Prussian blue nanocubes with a regular cubic shape and approximately 500 nm are wrapped by 

rGO nanosheets to form interlocked stable composite. The possible reaction mechanisms are 

discussed in detail. Interlocked graphene-Prussian Blue nanocomposites display high performances, 

when they are tested in biosensing elecrocatalysis and as supercapacitor electrode material. Such 

structural configuration is intriguing, because it can not only stabilize PB cubes but also offer the 

high selectivity of H2O2 detection and high specific capacitance and charge-discharge cycling 

stability. Therefore, such hybrid composites could be a promising candidate for multiple 
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electrochemical applications, particularly in building Nafion-free electrochemical sensors and high-

performance supercapacitor electrodes. Although this kind composite give high performance for 

electrochemical sensor and supercapacitor, the productivity still need further improve, as well as 

with some drawbacks, such as based on commercial electrode as support substrate. In the next step, 

we used freestanding graphene paper as substrate for construction of flexible biosensor electrodes.  
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Chapter 4. Size dependent self-catalytic growth and electrochemical 

catalysis of Au@PB core-shell nanoparticles 

4.1. Introduction 

      In Chapter 3, Prussian blue nanocube functionalized graphene was synthesized via the 

one-pot method. Although these kinds of composites give high performance for 

electrochemical sensor and supercapacitor, large-size PB cubes (500 nm) resulted in lowered 

catalysis efficiency. Thus, Prussian blue nanoparticles (PBNPs) have become a subject of 

intense interest, because of their intriguing physical and chemical properties different from 

their bulk counterparts and hence novel applications in catalysis 
1-2

, energy devices
3-4

, drug 

delivery
5-6

, separation devices
7-8 

 and sensors
9-13

. In particular, electrocatalytic
 
 applications 

of PBNPs have received increasing attention recently
1
. As compared to their bulk 

counterparts and Prussian blue films, PBNPs often have superior or even new catalytic 

properties following from their nanometer size that give them increased surface-to-volume 

ratios and chemical potentials. The size of nanoparticles plays a pivotal role in determining 

their electrocatalytic properties, and understanding how the size affects their catalytic 

properties remains a central goal in nanocatalysis research. Size-dependent reactions were 

investigated extensively
14-20

, but size effect in electrocatalysis was not mentioned so much
21-

22
, especially distinct PB size effect is not reported.  

     It is known that PB has low solubility, indicating that added Fe
2+

 to [Fe(CN)6]
3-

 

immediately causes the formation of PB precipitate. For this kind of rapid reaction, it is 

difficult to obtain controlled shape and well dispersed uniform size distribution of PBNPs, 

and the conductivity which is very important in electrochemical reaction process is also 

concerned. To overcome those problems, polymer protection
23

 was used to synthesize core-

shell structural PB@PVP NPs, that using polymer as shell blocks the PBNPs growth. It is 

easy to control the size and shape, but the conductivity of PB@PVP NPs was even worse 

than that of pure PBNPs and it probably will affect the electrochemical activity as the shell 

could block the electron transfer. 

     Core-shell structured nanoparticles have been subjected for extensive studies recently. 

The combination of two or more different elements into core-shell NPs allows not only 

significant improvement in their properties, but also makes it possible to obtain unique 

properties that cannot be achieved with single component NPs. Au nanoparticles (AuNPs) 
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are well known to exhibit various colors arising from surface plasmon absorption and size-

dependent specific catalytic, optical properties, high conductivity and good biological 

compatibility, and they are widely used as the core to prepare core-shell structured NPs
24-29

,  

Here we prepare  a new type core-shell structural NPs that is using AuNPs as core and PB as 

shell and study their electrocatalytic properties. AuNPs as a representative catalyst has been 

applied in different areas and the size-effect of AuNPs has also become a subject of 

intensive interest. Self-catalysed formation of core-shell structure Au@Prussian blue 

nanoparticles (Au@PB NPs) has been previously reported, but the size-effect for Au@PB 

NPs is still not clear. In this research PB was used as shell materials, and Au@PB NPs with 

well-defined shape and size-control was successful synthesized. The working principle for 

self-catalytic formation of Au@PB NPs is shown in Fig.4.1. AuNPs acted as both a catalyst 

and a core, Fe
3+

 was first captured on the surface of AuNPs by electrostatic attraction, as 

AuNPs were protected by citrate with negative charges. Fe
3+

 was then catalytically reduced 

to Fe
2+

, and Fe
2+ 

finally reacted with Fe(CN)6
3-

 to form the PB film attached to AuNPs 

surfaces. 

      In this part, we have studied and demonstrated that: 1) AuNPs was used as a core, and 

PB as a shell to fabricate core-shell structured PB functional AuNPs (Au@PB NPs), with 

the aim to overcome problems like difficult to get controlled shape, well dispersed uniform 

size distribution of PBNPs, and poor conductivity; 2) with the facile  reactions, using AuNPs 

as a catalytic agent and two kinds of Fe
3+

 species (FeCl3 and K3Fe(CN)6) as PB precursors 

enables an easy way to synthesize  size-controllable, highly stable, water soluble, and 

biologically compatible Au@PB NPs; 3) 3 nm to 42 nm AuNPs were used  to systematically  

investigate the size effect of AuNPs as core and catalyst to prepare Au@PB NPs and 

demonstrated that the smallest AuNPs have the highest activity for self-catalytic formation 

of Au@PB NPs; and 4) Au@PB NPs with various sizes were exploited to study size-

dependent electrocatalytic activity towards reduction of hydrogen peroxide (H2O2).  
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Fig. 4.1 Schematic illustration of the formation mechanisms of core-shell Au@PB nanoparticles. (a) 

Focused on a single nanoparticle, and (b) numerous nanoparticles in solutions. The reactions involve 

the two key steps: the adsorption and reduction of Fe(III) ions on the AuNPs surface, which allows 

ferricynide ions to access the gold nanoparticle surface, followed by the conversion of Fe(II) to form 

PB layers.    

4.2. Experimental section  

4.2.1 Synthesis of AuNPs.  

     Different size citrate protected AuNPs were prepared according to previous reports (3 

nm
31

; 6 nm, 14 nm and 20 nm AuNPs 
32-33

; 34 nm and 42 nm
34

). The size and morphology 

of the synthesized AuNPs were confirmed by TEM analysis, and the concentration of 

AuNPs was estimated according to a previous report
34

.  

4.2.2 Synthesis and purification of Au@PB core/shell nanoparticles. 

 

Absorption Nucleation Film growth

Fe3+ [Fe(CN)6]
3-Fe2+ AuNP Au@PB NP

a

b
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      In a typical experiment, in order to keep the fixed population of nanoparticles, the 10 mL 

mixture solution containing 1.0 mM FeC13, 1.0 mM K3Fe(CN)6, 0.1 M KC1 and 0.025 M 

HC1 was slowly added to 10 mL 1.25 nM AuNPs solution under vigorous stirring. Upon the 

addition of the mixture solution, the colour of AuNPs solution changed rapidly from red to dark-

blue. After 30 min, the product was purified by centrifugation and filtration and then re-dispersed in 

10 mL Milli-Q water as a stock solution. 

4.3. Results and discussion  

4.3.1 Self-catalytic formation of Au@PB nanoparticles.  

      Citrate-protected AuNPs were prepared according to previous reports
31-34

 with some 

modifications. The UV-vis spectra (Fig. 4.2) and transmission electron microscopy (TEM) images 

(Fig. 4.3) of AuNPs strongly suggest that different sizes (3 nm, 6 nm, 13 nm, 20 nm, 32 nm and 42 

nm) of AuNPs were obtained. After slowly adding PB precursors into the AuNPs solution, the 

colour of the solution completely changed to dark-blue. The overall reactions can be described in 

eq.1 and eq.2. AuNPs act as good catalyst for reaction 4.1 that is thermodynamically 

unfavourable because the standard free energy is 173 KJ/mol, and the driving force is thus 

most likely provided by reaction 4.2. The standard free energy of reaction 4.2 is -177 

KJ/mol. According to the reaction 4.2, PB films formed on the surface of AuNPs by 

replacing the protecting agent, citrate.  

 

2𝐹𝑒3+ + 2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 2𝐹𝑒2+                         (4.1) 

         4K+ +  4Fe2+  +  4[Fe(CN)6]3− →  𝐾4{[𝐹𝑒II(𝐹𝑒III𝐶𝑁6)]}4           (4.2)  

 

      Comparing the UV-vis spectrum of AuNPs (a) with that of Au@PB NPs (b) in Fig. 4.2, 

the characteristic absorption peak of unmodified AuNPs appears at around 520 nm as 

expected, but the characteristic absorption peak of the product shifts to 700 nm. This is a 

strong indication that PB was obtained. EDX results (Fig.4.5)  further supports the formation 

of PB layers . In other words, the yield of PB increased by increasing AuNPs as shown in 
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Fig. 4.4. The characteristic absorption peak of AuNPs at 520 nm significantly decreased, but 

not completely disappeared, which is other evidence that AuNPs acted as an important 

catalyst for eq(4.1). It is also suggested that PB formed a thin film coated on the surface of 

AuNPs and blocked the surface plasmon resonance of AuNPs, resulting in the decrease in 

the 520 nm plasmon peak.  As a reference, if AuNPs and PBNPs were directly mixed, the 

absorption of AuNPs at 520 nm did not change (Fig.4.2c), which is distinct from the 

spectrum of core-shell structured Au@PB NPs (Fig. 4.2d).  

      As-prepared Au@PB NPs were also characterized by TEM (Fig.4.5). All AuNPs were 

covered by PB, consistent with our proposed formation mechanism (Fig. 4.1). To further test 

the proposed formation mechanism, in a control experiment positively charged polymer 

(PVP) protected AuNPs were used to replace citrate protected AuNPs for the synthesis of 

Au@PB NPs. PB was still obtained, but only separate PB NPs and AuNPs rather than core-

shell structured NPs were produced. 

 

Fig. 4.2 UV-vis spectra and digital photographs of various colloid nanoparticle suspensions. 

(a) Pure gold nanoparticles (AuNPs); (b) pure Prussian Blue nanoparticle (PBNPs); (c) a 

physical mixture of AuNPs and PBNPs solutions (1:1, v/v); and (d) core-shell nanoparticles 

(Au@PB NPs).  
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Fig. 4.3 TEM images of AuNPs with different sizes: (A) 3 nm, (B) 6 nm, (C) 13 nm, (D) 20 nm, (E) 

34 nm and (F) 42 nm. 

 

Fig. 4.4 UV-vis spectra of Au@PB NPs prepared from different amounts of 6 nm AuNPs and fixed 1 

mM PB precursor solution. 
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Fig. 4.5 HRTEM images of Au@PB NPs prepared from different sizes of AuNPs: (A) 3 nm, (B) 6 

nm, (C) 13 nm, (D) 20 nm, (E) 34 nm and (F) 42 nm; (G): the EDX spectrum of Au@PB NPs. 

4.3.2 Structural mapping of Au@PB nanoparticles. 

      UV-vis spectra of Au@PB NPs that were synthesized from different sizes of AuNPs are 

shown in Fig.4.6. All sizes of AuNPs showed high performance for catalysis PB precursor to 

form Au@PB NPs, but the characteristic absorption of Au@PB NPs with different sizes 

were red-shifted from around 700 nm to 710 nm, 750 and 770 nm, respectively. More 

interestingly, the APB/AAuNPs ratio decreased with increasing the size of AuNPs, which is 

most likely due to the decrease in the thickness of PB films with increasing the AuNP size. 

 

 

G 
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Fig. 4.6  UV-Vis spectra of Au@PB NPs prepared by different sizes of AuNPs: (A) 3 nm, (B) 6 nm, 

(C) 13 nm, (D) 20 nm, (E) 34 nm and (F) 42 nm 

      In order to study the size-effect of AuNPs for formation of Au@PB NPs in detail, TEM 

was used to characterize the shape and size of the Au@PB NPs. We can clearly see the size 

of Au@PB grown to 23 nm, 18 nm, 23 nm, 28 nm, 41 nm, and 48 nm, corresponding to (3-

42 nm) AuNPs (as shown in Fig.4.5). Moreover, the thickness of the PB films was estimated 

to be 10 nm, 6 nm, 5 nm, 4 nm, 3.5 nm and 3 nm, respectively. The thickness of PB films 

decreased with increasing AuNP size. The 3 nm AuNPs thus showed the highest activity for 

self-catalysed formation of Au@PB NPs. The most likely reason is that small sizes of 

AuNPs have higher surface-to-volume ratio than that for larger AuNPs, leading to higher 

catalytic activities. Furthermore, the 48 nm Au@PB NPs were used as an example for 

characterizations by high-angle annular dark-field scanning TEM (HAADF-STEM) and 

elemental mapping of Au@PB core–shell NPs (Fig. 4.7). From the EDS mapping of 

Au@PB NPs, AuNPs with a size of 42 are located in the centre. The outer shells are 

composed of mainly elemental Fe and the thickness of the shell is about 6 nm. N element 

was also found on the shell by EDS linear scanning, with the cross-sectional profile of the 

elemental distribution of Au, Fe and N in an Au@PB NP shown in Fig.4.8. All results thus 

suggest that different sizes of Au@PB NPs with various thickness PB film were successfully 

synthesized by using AuNPs self-controlled catalytic procedure with the formation process 

of Au@PB NPs following size effect of the AuNPs. 
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Fig. 4.7 EDS mapping of elemental distribution for 48 nm Au@PB nanoparticles. (a) and (e) 

STEM images, (b) & (f) for gold, (c) & (g) for iron, (d) and (h) for both gold and iron. 

 

Fig. 4.8 (a) A TEM image of 48 nm Au@PB NPs and (b) the cross-sectional profiles of the elemental 

distribution of Au, Fe and N in an single Au@PB nanoparticle. 

 4.3.3 Electroactivity of Au@PB nanoparticles.  

      To evaluate the electrochemical behaviour of the different sized Au@PB NPs, cyclic 

voltammograms (CVs) of Au@PB NPs/GCE in 0.1 M KCl solution were recorded. As shown in 

Fig. 4.9, one pair of well-defined redox peaks are observed at 0.15 V, while no obvious response 

was found at the control electrode, Nafion/GCE in which there was no core-shell NPs, indicating 

that the PB layer on AuNP retained good electrochemical activity. In addition, the effects of scan 

rates on responses were studied (Fig. 4.9). Both the redox peak currents increased with increasing 

scan rate. The relationship between the peak currents (Ip) and scan rate (υ) was evaluated by a 

series of plots of Ip versus υ
x
 with x = 0.5–1.0. The best linear fit with a best linear coefficient (R) 

20 nm

a b c d

15 nm

e f g h

STEM Au Fe Au-Fe

a b
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is obtained for x = 0.8, indicating a mixed surface and diffusion controlled electrochemical process. 

Every size of Au@PB NPs gives high electrochemical activity, but the peak separation (ΔEP) of 

different size Au@PB NPs is different, 70 mV, 132 mV, 112 mV, 211 mV, 230 mV and 248 mV 

are corresponding to (3-42 nm) AuNPs with scan rate in 500 mV/s as shown in Fig.4.10. The 

apparent rate constants (ks) were estimated by the Laviron’s method
30 

 as 310 s
-1

, 614 s
-1

, 338 s
-1

, 

190 s
-1

, 133 s
-1

 and 101 s
-1

, respectively. The relationship of sizes of Au@PB NPs with rate constant 

is shown in Fig. 4.12C, it decreased with increasing the size of Au@PB NPs, indicating Au@PB 

NPs prepared by 3 nm AuNPs give faster electron transfer rate than other sizes. This will be further 

discussed later.  



______________________________________________________________________________________ 

76 
 

76 
Chapter 4. Size dependent self-catalytic growth and electrochemical catalysis of Au@PB Core-shell 

nanoparticles  
 

 

 



______________________________________________________________________________________ 

77 
 

77 
Chapter 4. Size dependent self-catalytic growth and electrochemical catalysis of Au@PB Core-shell 

nanoparticles  
 

Fig. 4.9 CVs of Au@PB NPs prepared by different sizes of AuNPs (A, 3 nm; B, 6 nm; C, 13 nm; D, 

20 nm; E, 34 nm and F, 42 nm) with scan rates ranging from 0.01 V∙s
-1

 to 0.05 V∙s
-1

. AuNPs@PB 

was drop-casted on GCE surfaces. Electrolyte: 0.1 M KCl. The corresponding relations between the 

anodic/cathodic peak currents and the scan rates are also shown (right).  

 

Fig. 4.10 CVs of Au@PB NPs prepared by different sizes of AuNPs (A, 3 nm; B, 6 nm; C, 13 nm; D, 

20 nm; E, 34 nm and F, 42 nm) at a scan rate of 0.5 V∙s
-1

. AuNPs@PB were drop-casted on GCE 

surfaces. Electrolyte: 0.1 M KCl. 

4.3.4 Size-dependent electrochemical catalysis of Au@PB nanoparticles toward reduction of H2O2.  

As all sizes Au@PB NPs displayed high performance electrochemical activity as shown in Figs.4.9 

and 4.10, they would good candidates for studying size effects in electrocatalysis. All the size 

Au@PB NPs exhibited electrocatalytic activity, electrocatalytic reduction of H2O2 started at 0.3 V 

and tended to reach a maximum effect at potentials more negative than − 0.1 V. The electrocatalytic 

current increases with increasing H2O2 concentration (Fig. 4.11A) as expected. To study size effects 

of Au@PB NPs on electrocatalytic reduction of H2O2 in detail, chronoamperometric detection of 

H2O2 was further performed at a fixed potential of -0.1 V. Fig. 4.11B shows a typical steady state 

response of a Nafion/Au@PB NPs films modified GCE electrode upon successive addition of H2O2. 

The current density varying with the concentration of H2O2 was calculated, and the results are 

shown in Fig. 4.12A. The current density decreased with increasing the size of Au@PB NPs, i.e. 

3.0, 6.6, 3.4, 2.1, 1.2 and 0.8 (Acm
-2

 M
-1

), respectively. The relationship of sizes of Au@PB NPs 

with relative catalytic efficiency is shown in Fig. 4.12B. The electrocatalytic efficiency decreased 

with increasing the NP size, with 18 nm Au@PB NPs displaying the highest efficiency. All the 
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results are further compared in Table 4.1. From Table 4.1 and Fig. 4.12, we can conclude that the 

electrocatalytic activity of Au@PB NPs towards reduction H2O2 significantly depends the NP size.  

 

Fig. 4.11 (A) Qualitative evaluation of electrocatalytic activity of Au@PB NPs prepared by 

different sizes of AuNPs (a), 3 nm; (b), 6 nm; (c), 13 nm; (d), 20 nm; (e), 34 nm and (f), 42 

nm). Cyclic voltammograms obtained in 0.1 M KCl containing 0.5 mM H2O2 with a scan rate 

of 10 mV s
-1

.  (B) Amperometric responses of AuNPs@PB prepared by different sizes of 

AuNPs (A, 3 nm; B, 6 nm; C, 13 nm; D, 20 nm; E, 34 nm and F, 42 nm) to the 

electrocatalytic reduction of 1.6 μM, 3.2 μM, 4.8 μM, 6.4 μM and 9.6 μM H2O2. H2O2 

concentration was adjusted by adding freshly-prepared H2O2 aq. into the three-electrode cell 

per 50 s. AuNPs@PB were drop-casted on GCE surfaces. Electrolyte: 0.1 M KCl. 

 

Fig. 4.12 Quantitative evaluation of size-dependent electrocatalytic activity for AuNPs@PB 

prepared with different sizes of AuNPs (A, 3 nm; B, 6 nm; C, 13 nm; D, 20 nm; E, 34 nm and 

F, 42 nm). (a) The dependence of current density on H2O2 concentration, (b) relative 

electrocatalytic efficiency, and (c) the relation of interfacial electron transfer with 

AuNPs@PB size. 

 

(A) (B) 
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Table 4.1 Comparison of physiochemical properties and electrocatalytic activity of differently sized Au@PB 

NPs.  

No. AuNPs 

(nm) 

PB Shell Thickness 

(nm) 

AuNPs@PB 

(nm) 

Rate 

Constant 

(s
-1

) 

Current 

Density 

(A∙cm
-2
∙M

-1
) 

Relative Catalytic 

Activity (%) 

#1 3±0.5 10±3 23±3 310±20 3.0±0.4 45.8 

#2 6±1 6±2 18±2 614±30 6.6±0.5 100 

#3 13±2 5±2 23±2 338±20 3.4±0.4 51.5 

#4 20±2 4±1 28±3 190±15 2.1±0.3 32.0 

#5 34±3 3.5±1 41±4 133±10 1.2±0.3 18.0 

#6 42±3 3±1 48±4 101±10 0.8±0.2 11.6 

4.4. Conclusions  

     We have successfully synthesized core-shell structural Au@PB NPs with the size largely 

controlled by using different sized AuNPs. The core-shell nanoparticles could offer some 

advantages including size-controllability, highly stability, water solubility, and high 

conductivity. The possible mechanism of self-catalysed formation of Au@PB NPs was 

investigated in detail. Au@PB NPs can be used as an electrocatalyst for reduction of 

hydrogen peroxide, which clearly displays size-dependent enhancement of electrocatalytic 

activity with decreasing the overall particle size and in turn facilitating interfacial electron 

transfer.  
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Chapter 5. Free-standing and flexible graphene papers as disposable non-

enzymatic electrochemical sensors 

5.1. Introduction  

      As described in Chapters 1 and 3, two-dimensional (2D) graphene papers have attracted 

significant interest in a wide range of fields from physics, materials science, and sensors to 

environmental engineering. Such materials not only largely retain the core properties of individual 

graphene sheets, but also add collective properties or/and synergistic functionality resulting from 

purpose-driven assembly or/and functional doping with desirable components. The advantages of 

low mass density, high flexibility, large surface area, robust mechanical strength, and high electrical 

conductivity make graphene-derived composite materials hold great promise to meet a number of 

requirements in modern technologies, especially graphene supported materials for electrochemical 

sensing applications 
1-4

.  

       Prussian Blue (PB) and its analogues show good chemical stability and high electrocatalytic 

activity. Those are also low-cost materials, with potential scalability of mass production 
5
. PB and 

its analogues are therefore attractive materials in catalysis 
6
, energy devices 

7
, drug delivery 

8
, 

separation devices 
9
, and sensors 

10-11
. In particular, electrocatalytic applications of PBNPs have 

received increasing attention recently. In the present work, we have explored AuNPs as a catalyst 

and a core material to prepare a new type of core-shell nanostructured NPs, Au@PBNPs, with the 

aim of improving the conductivity and size control. Moreover, we have used Au@PBNPs to 

functionalize graphene papers as freestanding electrochemical sensors. These electrodes can display 

high performances in electrocatalytic reduction of hydrogen peroxide.  

5.2. Experimental section 

5.2.2 Synthesis of AuNPs.   

      Prior to use, all glassware was thoroughly cleaned by boiling in nitric acid, rinsed with Milli-Q 

water, and dried in an oven. AuNP (13 nm) solution was prepared as described 
12

. Briefly, 100 mL 

of 1 mM HAuCl4 was added to a 250 mL round-bottom flask, and the solution heated to boiling 

under vigorous stirring. Rapid addition of 10 mL of 38.8 mM sodium citrate to the vortex of the 

solution caused the colour of the solution to change from pale yellow to claret-red. Boiling was 
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continued for 10 min. The heating mantle was then removed, but stirring was kept for an additional 

15 min. 

5.2.3 Synthesis and purification of Au@PB core/shell nanoparticles.  

      The synthesis of Au@PB NPs dispersions was inspired by an early report
8
, but with 

significant modifications. In a typical experiment, 10 mL AuNP solution prepared as above step 

was mixed with a 10 mL mixture of 1.0 mM FeC13, 1.0 mM K3[Fe(CN)6], 0.1 M KC1 and 0.025 M 

HC1 under vigorous stirring. The colour of the AuNP solution changed from red to dark-blue upon 

addition of the mixture solution. After 30 min, the product was centrifuged at 12000 rpm for 10 min, 

the supernatant was discarded to remove unreacted regents, and the sediment was re-dispersed in 10 

mL Milli-Q water. The procedure was repeated at least three times. The samples were further 

purified by filtration using polycarbonate membrane (diameter 47 mm, 0.2 µM pores), and the 

product was finally dispersed in 10 mL Milli-Q water as a stock solution. 

5.2.4 Preparation of graphene oxide.  

      GO was prepared by the modified Hummer’s method according to our previous report 
6
. The 

experimental details are also provided in the Chapter 2. The quality of single-layer GO nanosheets 

was checked regularly by AFM. An example of AFM images is shown in supporting information.  

5.2.5 Preparation of graphene papers.  

      10 mL of 1 mg/mL GO solution was first mixed with different volumes of Au@PB NP 

solutions and stirred for 1h, then centrifuged at 8000 rpm for 10 min. The supernatant was discarded 

to remove free Au@PB NPs. The sediment was re-dispersed in Milli-Q water by sonication and a 

blue solution obtained. The solution mixture of Au@PB NPs/GO was vacuum filtered to prepare 

Au@PB NPs/GO papers. GO nanosheets were assembled into a layer-by-layer structure, in which 

π-π stacking has re-ordered the monolayer of GO nanosheets to graphite-like structures. The 

number of layers can be controlled by the concentration and volume of mixture solution. In order to 

improve the mechanical property of the graphene paper, an AAO (anodic aluminium oxide) 

membrane was selected to use in the filtration, as this material releases Al
3+

, which is a strong 

cross-linker for connecting monolayer GO sheets 
13

. In order to enhance the conductivity of the GO 

hybrid paper, Au@PB NPs/GO paper was reduced by placing the paper in an autoclave together 
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with the hydrazine solution and heating at 180 
o
C overnight. After cooling to room temperature the 

paper was taken out. The rGO paper was further annealed at 190 
o
C to remove residual hydrazine 

and further enhance the conductivity. As expected, the amount of oxygen-containing groups was 

significantly reduced, as indicated by the increased C/O ratio estimated from the XPS analysis. The 

resulting paper was cut into small pieces for different tests. A similar procedure was used to prepare 

pure graphene and AuNPs/graphene papers as reference samples. The whole procedure is 

schematically illustrated in Fig. 5.1.  

 

Fig. 5.1 Schematic representation of the experimental procedure for preparation of RGO papers 

functionalized with Au@PB NPs in a sandwich-like structure. The four steps are: the two 

components are mixed (A), transferred to a vacuum filter (B), vacuum filtration to form GO paper (C) 

and hydrothermal vapor reduction of GO paper to rGO paper (D). Not drawn to scale.  

5.3. Results and discussion  

5. 3.1 Synthesis, electronic properties, and structures of core/shell Au@PB NPs  

      As described in the Experimental section, the synthesis of Au@PB NPs dispersions was 

based on a previously reported procedure 
8
 with modifications. The resulting samples were 

characterized by XPS, UV-vis spectroscopy and TEM. By comparing the UV-vis spectra of AuNPs 

and Au@PB NPs, Fig. 5.2A and Fig. 5.2B, the characteristic surface plasmon absorption peak of 

pure AuNPs was found around 520 nm. After coating with a PB layer, the absorption peak appears 

around 700 nm, an indication that the absorbance from PB dominates, but the 520 nm AuNP peak is 

still clearly visible as a shoulder in the UV-vis spectrum (Fig 5. 2B). 

A CB D
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Fig. 5.2 UV-vis spectra and digital photographs of various colloid suspensions: (A) pure 

AuNPs, B) core/shell Au@PB NPs, C) pure GO and D) Au@PBNPs attached to GO sheets. 

All suspensions were in 0.1 M KCl solution. 

      XPS was used to analyze Au@PB NPs samples in detail, Fig. 5.3. As indicated in the survey 

spectrum (Fig. 5.3A), all expected elements were detected. The Au 4f and Fe2p spectra are shown 

largely as expected. In particular, the high-resolution Fe2p spin–orbit doublet spectra were recorded, 

and the binding energy of Fe 2p
3/2

 and Fe 2p
1/2

 observed at 712.3 and 721.2 eV, respectively, 

corresponding to Fe
2+

 ions. The peak at 708.4 eV is due to Fe
3+

 2p
3/2

 in the form of [Fe(CN)6]
3−

. 

These observations support that the PB layer was formed on core AuNPs as a shell, which is 

directly proven by TEM as described below (Fig. 5.4).       
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Fig. 5.3 XPS spectra of core/shell nanoparticles (Au@PB NPs) samples. (A) XPS survey spectrum, 

(B) the Au 4f scan spectrum, and (C) Fe 2p region spectrum.  

      From TEM images and size-distribution analysis of the AuNPs (Fig. 5.4A-C) and Au@PB NPs 

(Fig. 5.4D-F), it is concluded that the AuNP (13 nm) is located in the centre as a core, while the PB 

layer with a thickness ≈ 5 nm covers the AuNP as a shell.  

 

Fig. 5.4 TEM images of different types of nanoparticles with various magnifications: (A)-(C) 

Pure AuNPs; (D)-(F) core/shell Au@PB NPs; G), and (H)-(I) Core/shell Au@PB NPs on GO 

sheets. Scale bars: (A) 500, (B) 50, (C) 25; (D) 100, (E) 50, (F) 20; (G) 200, (H) 50, (I) 25 

nm.  

5.3.2 Preparation of Au@PB NP/graphene papers 

      High-quality GO was synthesized by a modified Hummer’s method according to our previous 

report, (detailed in Chapter 2). AFM images (supporting information) show that the extension of the 

GO sheets ranges from 0.5 to 5 µm, with the thickness about 1.2 nm. As expected, the UV-vis 

spectrum, Fig. 5.2C shows two characteristic peaks, at 230 and 300 nm. XPS spectrum was shown 
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in supporting information present XPS survey and C 1s spectra of GO samples. The XPS spectra 

exhibit a relatively high O1s and a weak C1s peak, while the C1s XPS spectra show various oxygen 

carbon groups including C=O and C–O, which indicates that oxygen-containing groups (OCGs) are 

abundantly present on the GO sheet surface, providing active sites for attaching positively charged 

molecular groups and nanoparticles via electrostatic interaction. From the UV-vis spectra of 

Au@PB NPs/GO (Fig. 5.2D), three characteristic peaks at 230, 300, and 700 nm are observed, 

which correspond to GO and Au@PB NPs, respectively. It was imaged by TEM that the 

combination between Au@PB NPs and GO had indeed occurred. It can be seen from the images in 

Fig. 5.4G, H and I that most Au@PB NPs were loaded onto the GO sheet surface. As noted, this 

could be due to the presence of a large number of OCGs on the GO surface bridging the contact 

between GO and Au@PB NPs. Au@PB NPs are most likely attached to GO by electrostatic 

attraction. Different ratios of GO to Au@PB NPs were investigated. The UV-vis spectra of the 

mixed solutions with different ratios (v/v) are shown in Fig. 5.5A. Fig.5.5B shows a plot of the ratio 

of PB absorbance (700 nm) to GO absorbance (230 nm) at different GO/Au@PB NPs ratios (v/v). 

When the mixture ratio reached 1:9, the A700/A230 ratio does not change further, suggesting that all 

active sites on the GO sheet surface are occupied by Au@PB NPs, and no more nanoparticles can 

be adsorbed.    

      As described in Section 5.2.5, we used the hybrid materials characterized above to prepare 

graphene papers via vacuum filtration. The resulting graphene paper is robust and free-standing (Fig. 

5.6A), and can be rolled or/and bent (Fig. 5.6B). They can also be cut into any shapes with various 

sizes. For the use of electrochemical sensors, the paper was cut into rectangular pieces (typically 0.4 

cm x 2 cm) (Fig. 5.6C) that was directly used as working electrodes.  

Fig. 5.5 UV-vis spectroscopic analysis of Au@PBNPs decorated GO nanosheets. (A) UV-vis spectra 
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of Au@PB NPs-GO solutions for different ratios of Au@PB NPs to GO (v/v). The inset in shows 

enlarged spectra in the wavelength 450 to 1100 nm, mainly contributed by the PB component. (B) A 

plot of A700/A232 for various ratios of Au@PB NPs to GO. 

 

Fig. 5.6 Digital photographs and SEM image of RGO paper functionalized with Au@PB 

NPs: (A) as-filtered RGO paper, (B) rolled and bent RGO papers, (C) disposable electrodes 

(or sensors) cut from RGO paper, and (D) SEM image of the surface of RGO paper.  

5.3.3 Characterization of Au@PB NPs graphene paper  

      The surface of Au@PB NPs/graphene paper is relatively smooth (Fig.5.6D). Au@PB NPs 

attached onto the graphene paper are clearly observed by SEM. In order to verify that Au@PB NPs 

were doped into the graphene paper, cross sectional SEM of graphene papers was investigated. 

Fig.5.7 shows the layer-by-layer sandwich-like structure of Au@PB NP decorated graphene paper. 

Au@PB NPs are distributed on the surface of the graphene sheet. Compared with GO paper, the 

graphene paper reduced by hydrazine hydrate vapour is thicker, the thickness of GO paper and 

graphene paper being 6 µm and 20 µm, respectively, but the lateral sizes have shrunk slightly. This 

is because the hydrazine hydrate vapour opens pores between the GO sheets during the reduction 

process 
14

. This kind of structure can promote ion and molecular transport through graphene paper. 
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SEM EDS-mapping (Fig.5.8) was used to further observe the sandwich structure. Each chemical 

element (Au, Fe, C, N and O) was found to be uniformly distributed on the graphene paper. XPS 

was also used to examine the element distribution with different depth from the graphene paper 

surface. The survey spectra and Au 4f spectra were collected during the depth profiling up to 500 

nm of a nominal etching depth into the paper from both sides. Both Fe and Au were found in each 

etching step in the XPS spectra. This indicates that the Au@PB NPs were successfully doped into 

interlayers of the graphene paper. This could be substantiated additionally by high-resolution cross 

sectional SEM images. Compared to the XPS spectrum of GO paper, graphene paper has a much 

higher C/O ratio suggesting that GO was reduced effectively, but there is still a considerable 

amount of oxygen-containing groups present mainly carboxylic groups at the edges of nanosheets. 

These remaining groups could play a crucial role in the electrostatic binding of the Au@PB NPs 

which is related to the amount of OCGs. In addition, this causes a slight increase in the C/Au ratio. 

We believe that this arises from a decrease in the number of defects in the RGO nanosheets, so that 

the number of active sites for Au@PB NP binding was also decreased and induced partial loss of 

Au@PB NPs.  

 

Fig. 5.7 Cross-sectional SEM images of Au@PB NP decorated RGO papers with various 

magnifications. The parameters used in recording SEM images are: voltage 10 KV, a work 

distance 12.9 mM and a typical spot size 3.0 µM. 

 

25 µm 5 µm 1 µm

A B C
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Fig. 5.8 Cross-sectional SEM elemental mapping images. Scale bars: 10 μm.  

5.3.4 Electroactivity of Au@PB NP graphene paper 

      To evaluate the electrochemical behaviour of the Au@PB NP/graphene paper, Au@PB 

NPs/RGO, pure RGO, and AuNP/RGO papers were cut into rectangular pieces as free-standing 

working electrodes with an active area of 0.09 cm
2
 (i.e. 0.3 cm × 0.3 cm). Cyclic voltammograms 

(CVs) of each electrode in 0.1 M KCl solution were recorded with a SCE as reference electrode. As 

shown in Fig. 5.9A (blue line), a single pair of well-defined redox peaks was observed at 0.18 V (vs 

SCE). This signal originates from the PB shell. No obvious response was found for pure RGO 

papers (red curve in Fig. 5.9A) or AuNP/RGO papers (black curve in Fig. 5.9A), indicating that the 

PB shell after heat treatment retains good electrochemical properties. In addition, the effects of scan 

rates on the voltammetric responses were studied, Fig. 5.9B. Both redox peak currents were found 

to increase with increasing scan rate. The relationship between the peak currents (Ip) and scan rate 

(υ) evaluated by a series of plots of Ip versus υ
x
 with x = 0.5–1.0) is obtained for x = 0.8, indicating 

that both surface confinement and diffusion control the electrochemical process, diffusion most 

likely being random electron hopping rather than nanoparticle diffusion. Conductivity is also a 

critical factor for fabricating an electrode. The resistance of graphene paper is about 200 Ω/cm, but 

decreases to 100 Ω/cm in the presence of AuNPs. The apparent resistance of Au@PB NPs/graphene 

paper, measured by a simple voltmeter, is approximately 132 Ω/cm.  
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Fig. 5.9 Voltammetric evaluations of Au@PB NP functionalized RGO papers. (A) Comparison 

of cyclic voltammograms (CVs) of pure RGO paper (red curve), AuNP-RGO paper (black 

curve) and Au@PB NP RGO paper (blue one). Scan rate 50 mV s
−1

; (B) CVs of Au@PB NP 

RGO papers with higher scan rates of 100 to 500 mV s
−1

. Electrolyte: 0.1 M KCl. 

5.3.5 Electrocatalytic reduction of H2O2 by Au@PB NP graphene papers.  

      CVs of the Au@PB NPs graphene paper in 0.1 M KCl solutions containing different 

concentrations of H2O2 were recorded. As shown in Fig. 5.10A, Electrocatalytic reduction of H2O2 

on Au@PB NPs graphene/paper electrodes starts at 0.3 V (vs SCE) and tends to reach a maximum 

effect at potentials more negative than −0.1 V. In order to evaluate the electroanalytical 

performance for H2O2 reduction, chronoamperometric detection of H2O2 at -0.1 V with successive 

addition of H2O2 was performed. As shown in Fig. 5.10B, Au@PB NPs/graphene paper displays a 

typical steady state response of the modified electrode on successive addition of H2O2 at -0.1 V. 

Subsequent addition of hydrogen peroxide to the stirred 0.1 M KCl results in a remarkable increase 

in the reduction current, which demonstrates strong catalytic properties of the free-standing 

electrode towards the reduction of H2O2. The linear range of Au@PB NPs graphene paper is from 1 

to 30 μM H2O2 (Fig. 5.10C) with a linear correlation coefficient (R) of 0.995. The response time is 

less than 10 s, and the sensitivity 5 A cm
−2

 M
−1

, which is higher than previous report, the most 

possibility because graphene oxide paper was reduced by hydrazine vapour, it will be extremely 

enhance the electrode work area.  
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Fig. 5.10 Voltammetric and amperometric responses of Au@PBNP graphene paper electrodes to 

electrocatalytic reduction of hydrogen peroxide (H2O2): (A) CVs of Au@PBNP RGO paper in the 

presence of various H2O2 concentrations from 0.1 to 1 mM, scan rate 20 mV s
–1

; (B) amperometric 

responses to H2O2 addition with the working electrode potential fixed at -0.1 V in a stirred solution; 

(C) the calibration curve of the current response to [H2O2]. Electrolyte: 0.1 M KCl. 

      In addition, we have investigated the effects of the number of graphene layers on the 

electrocatalytic sensitivity of H2O2. The number of graphene layers can be controlled roughly by 

adjusting the concentration of GO starting solutions used in the preparation of GO papers. For 

example, a series of GO solutions with various concentrations of 0.5–2.0 mg/ml were used to 

prepare graphene papers. In general, the thinner graphene papers give rise to a slightly enhanced 

sensitivity towards electrocatalytic detection of H2O2, but their mechanical strength is deteriorated 

dramatically, causing material handling problem. It is thus concluded that, under our experimental 

conditions GO suspension with the concentration of 1 mg/ml formed the most practical graphene 

papers with an optimum balance between their electrocatalytic sensitivity and mechanical strength.   

5.4. Conclusions  

      Water-dispersible and highly stable core-shell structural Au@PB nanoparticles were successfully 

synthesized and used to functionalize graphene nanosheets. With the doping of Au@PB NPs, 

conductive, functional, mechanically strong, and flexible free-standing graphene papers can be 

fabricated. The functionalized graphene paper can be cut into disposable electrodes with high 

performances for electrochemical reduction detection of hydrogen peroxide. The new 

electrochemical detection configuration offers a non-traditional approach to facile and portable 

monitoring of chemical and biological environments. Finally, it is noticed that the core-shell nature 

of Au@PB NPs could pose new interests and challenges regarding their electronic and optical 

properties, as well as the ways the Au core and PB shell interact, and the whole Au@PB NP hybrid 
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interacts with the graphene support. Understanding of these issues is of crucial in offering novel 

insight and should be a main focus in ongoing research.  
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Part 3.  Low cost template methods for synthesis of 2D layered and 

nanoporous transition metal oxide nanosheets 

      Metal oxides (MOs) are one of the key family materials in a variety of current demanding needs 

for sensor, catalysis, energy storage and conversion, optical electronics and piezoelectric mechanics, 

arising from their versatile functionalities. Fine engineered MOs with specific nanostructures and 

robust macroscopic morphology are proven to boost their performances, but the design and 

controlled synthesis of such materials in a cost-effective and facile way is still a tremendous 

challenge. By exploiting the advantages of intrinsic structures of GO paper, serving as a sacrificial 

template, we have shown the feasibility of preparing 2D layered and free-standing MO materials 

with desirable structures. Systematic structural characterizations suggest that these MO materials 

are nanostructured, ultralight and porous papers. In Chapter 6, we generally report a new method for 

preparation of various MO papers (CuO, NiO, ZnO, Co3O4, Fe2O3 and Mn3O4). CuO as a 

representative, the assembled principle of CuO paper was studied in detail. To our surprise, the 

growth of CuO papers follows an Oriented-attachment mechanism (a non-conventional 

crystallization process) rather than traditional Ostwald ripening growth process. As a versatile 

material, CuO displays high performance for electrochemical sensor, supercapacitor and 

photocathode. In Chapter 7, GO paper was used as sacrificial template to generate the 2D 

nanporous hybrid CuO/ZnO nanosheets. The size of CuO/ZnO nanosheets is about 50 nm and the 

size of porous is from 5 nm to 10 nm, and the thickness of single-layer CuO/ZnO nanosheet is only 

2 nm (equivalent to 3-4 atom layers). The as-synthesized nano-hybrid material with high surface 

area and bimodal pores can play key roles by providing shorter diffusion paths and rapid mass 

transport of electrolyte, which could be further improved by providing more active sites for 

electrochemical reactions. These hybrid MO nanosheets displayed high performance as non-

enzymatic sensor for detection of glucose with low potential (0.3 V vs SCE), high sensitivity (3.85 

A M
-1

 cm
-2

), a wide linear range (5 µM to 3 mM), and low detection limit of 0.5 µM. In Chapter 8, 

the similar method was used to prepare 2D NiO nanosheets, and the resulting nanosheets were 

deposited on a screen printed electrode for fabrication of electrochemical sensor for detection of 

urea. Electrochemical studies indicate that the 2D NiO nanosheets exhibited excellent stability and 

high electrocatalytic activity for the oxidation of urea in alkaline solutions. 



_______________________________________________________________________________________ 

94 
 

94 Chapter 6. Ultralight and flexible metal oxide papers  

Chapter 6. Ultralight and semi-transparent metal oxide papers composed of 

nanoporous monolayers for lightweight energy and sensing applications 

6.1 Introduction  

      Due to their versatile functionalities, metal oxides (MOs) have become one of the key family 

materials for a range of demanding needs from sensors, catalysis, energy storage and conversion, 

optical electronics to piezoelectric mechanics
1-6

. Many transition metals are earth abundant, and 

thus offer favorable opportunity for their scale-up production. Previous studies have shown that 

physicochemical properties of MOs, particularly their electronic and optical features, are 

significantly dependent on their grain size and morphology
7, 8 

. In general, fine engineered MOs 

with specific structure and morphology have displayed enhanced performances. For example, 

nanoengineered MO building blocks  not only have a large surface-to-volume ratio and a nanometer 

size
9, 10

, but also facilitate their self-assembly into a macroscopic material needed for practical 

applications
11, 12

. On the other hand, nanoscale MO building blocks such as nanoparticles, 

nanosheets, nanorods and nanotubes could often undergo densification and suffer significant loss of 

specific surface areas during the self-assembly, so that the resulting macroscopic material cannot 

match expected properties and performances. To overcome these critical problems, recent efforts 

have focused on the development of rationally designed and directed assembly methods. For 

example, Dou and coworkers reported an impressive approach, based on employing lamellar 

reverse micelles, to generalize self-assembly of scalable 2D transition MO nanosheets
12

. Another 

example is demonstrated by Hwang and coworkers, they used graphene nanosheets as a platform 

for the 2D ordered assembly of TiO2 nanopartciles
13

. These studies have inspired related researches 

on controlled assembly of nanobuilding blocks into macroscopic 2D or three-dimensional (3D) 

ordered MO materials
14-16

. Similar strategy was previously used in fabrication of macroscale 2D 

and 3D graphene materials from graphene nanosheets
17-19

. 

      The exploration of graphene nanosheet derived materials as soft templates to prepare MO 

nanosheets is an emerging and interesting approach
14, 20-23

. Ordered meso- or microstructured MO 

nanosheets can be synthesized and have potentials for use in a wide range of applications. Some 

MO ensembles were systematically characterized, but the formation mechanism of macroscopic 

MO structures is far from fully understood
22

. A deep investigation into the underlying mechanisms 

and further gaining tailoring their structures are thus highly desirable. In addition, to date few cases 

(or none) have demonstrated the capacity to assemble ultralight, free-standing, semi-transparent 



_______________________________________________________________________________________ 

95 
 

95 Chapter 6. Ultralight and flexible metal oxide papers  

and flexible macroscopic MO materials with ultrafine nanostructures. Such MO materials are 

increasingly demanded by fabrication of lightweight, flexible and wearable sensors and energy 

devices.  

    In this section, we have explored the structural advantages of graphene oxide (GO) paper as a 

sacrificial template, which has a well-defined layer structure, to simultaneously synthesize and 

assemble ultrafine nanostructured MOs (with research focus on CuO, ZnO, Co3O4, NiO, Fe2O3 and 

Mn3O4). We have successfully prepared free-standing MO papers that consist of ultrathin and 

porous 2D MO monolayers. We also provide a general understanding of how MO clusters grow into 

porous nanosheets. The unique nanostructured MO papers have an ultralow density and desirable 

ability facilitating ion and/or solute diffusion in electrochemical or photoelectrochmeical 

environments. CuO papers were used as a main target for the proof-of-concept tests of 

multifunctional applications. The results have shown that CuO paper is a highly efficient material 

for solar water splitting, non-enzymatic electrochemical sensing of glucose, and supercapacitor 

energy storage. In particular, the CuO paper based photocathodes have shown high efficiency in 

photoelectrochemical (PEC) water reduction, reflected by high solar conversion efficiency and 

photocurrent density-to-weight ratio. These observations offer promises for cost-effective 

lightweight applications of these newly synthesized MO materials. 

6.2 Results and discussion  

6.2.1 Preparation of metal oxide  

      The overall preparation of MO materials is schematically illustrated in Fig. 6.1 (the top panel). 

GO paper was prepared according to our previous procedure 
24-26

 and used as a starting material. 

The d-space between the GO layers in the GO paper is approximately 1 nm, which is potentially 

suitable for accommodation of some metal ions. In addition, it is well known that both the graphitic 

planes and edges of individual GO nanosheets contain a significant number of oxygen-containing 

groups (OCGs) 
27

. These functional groups provide chemically active sites for confining metal ions 

or loading small nanoparticles. A variety of metal ions (e.g. Fe
3+

, Zn
2+

, Cu
2+

, Co
2+

, Mg
2+

 and Ni
2+

 ) 

can be captured inside GO paper via electrostatic attraction between OCGs and metal cations. In a 

typical preparation procedure, we immersed a piece of GO paper in a salt solution containing 

specific metal ions for a given period. After the absorption of metal ions, the M
n+

-GO paper was 

removed from the salt solution, followed by rinsing with water to remove those loosely (or 
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physically) adsorbed ions. The M
n+

-GO paper was then annealed in air (or nitrogen atmosphere) to 

sacrifice carbon components and to proceed nucleation, crystallization and growth of pure MO 

material. As a result of space-confined synthesis, the MO material duplicates the morphology of the 

GO paper (e.g. those MO papers in Fig. 6.2a, 6.2d, 6.2g and 6.2j), except its size shrinks by 

approximately 13.6% due to the decomposition of GO layers. Various MO papers prepared by the 

present method are free-standing and ultralight (surprisingly, even much lighter than GO 

nanopowders or GO papers), as demonstrated by Fig. 6.1 (the bottom panel). 

 

Fig. 6.1 The sketch illustrating the synthesis of MO papers and material appearances (blue powders 

and solution: Cu2SO4, black powders and papers: GO, light brown papers: CuO); Bottom panel: the 

10 photographs successively recorded within 0.35 s were superimposed to demonstrate lightweight 

materials (including both CuO and GO papers) being blown away. The inset shows a piece of semi-

transparent CuO paper partially covering on a university logo (the logo size is 8 mm ×12 mm). 

6.2.2 Structural characterization of metal oxide materials 

      We performed systematic analysis of the morphology and microscopic structures of MO 

materials using a wide range of microscopy and spectroscopy, including scanning electron 

microscope (SEM), transmission electron microscope (TEM), atomic force microscopy (AFM), X-

ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). For example, digital photos, 

SEM images and TEM images for a series of as-prepared MO papers are shown in Fig. 6.2. Thanks 

to the template effect of the GO paper, the MO materials retain the freestanding paper form and 
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have a graphite-like layered structure. The XRD and XPS analyses clearly reveal that ultrapure MO 

crystals were formed (Fig. 6.3). The XRD patterns can be assigned to PDF#65-5745, PDF#18-0803, 

PDF#43-1003, PDF#48-1548, PDF#36-1451 and PDF#33-0664, corresponding to NiO, Mn3O4, 

Co3O4, CuO, ZnO and Fe2O3, respectively. The size of their grains is in the range 7 to 50 nm, 

depending on the type of metals (Fig. 6.4). This most likely originates in their different 

crystallization kinetics associated directly with the activation energy of MO crystal formation. 

Overall, all MO papers have the similar graphite-like nano/microstructures as revealed by the SEM 

and TEM. By controlling the thickness of GO papers, the MO papers with a thickness of 4‒16 μm 

(but not limited to this range) can be prepared. In contrast, in our control experiments, if we did not 

use template or if we used GO nanosheets and aerogels as templates, then we could not obtain 

freestanding MO papers with ultrafine-grained nanostructures. These observations indicate that GO 

paper plays an essential role in the formation of layered MO papers. With six different types of 

metal ions as examples, this template method could constitute a general strategy for design and 

synthesis of freestanding 2D porous MO materials. 

 

Fig. 6.2 Photographs (top panel: (a), (d), (g) and (j)) and microscopy images (middle panel: SEM 

images (b), (e), (h) and (k); lower panel: TEM images (c), (f), (i) and (l)) of the as-synthesized metal 

oxide papers. (a‒c) ZnO, (d‒f) CuO, (g‒i) Co3O4 and (j‒l) Fe2O3 papers papers. Scale bars: 10 μm (b), 

100 nm (c); 15 μm (e), 500 nm (f); 5 μm (h), 100 nm (I); 5 μm (k), 100 nm (l). 
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6.2.3 The growth principle of metal oxide  

      MO monolayers in the MO paper have an ultrathin nanoporous structure as revealed by high-

resolution TEM (HRTEM) images (Figs. 6.2 and 6.4). It is well known that the growth of MO 

nanocrystals follows the Ostwald ripening kinetics and is largely a random nucleation process, 

when the synthesis is in the absence of templates (e.g. surfactants). The morphology of MO crystals 

is thus difficult to control. To overcome this problem, surfactants are widely used to control the MO 

nanocrystals growth. However, Ostwald ripening is mainly driven by the minimization of total 

surface free energy. As a consequence, the formations of spherical particles with large size 

(hundreds of nm) are predominantly favored over ultrafine nanocrystals
28-30

. In contrast, we have 

obtained an ultrafine-grained nanostructure (sub-10 nm) and a well-defined micromorphology in the 

form of 2D freestanding MO papers using the present synthesis method. In the rest of this work, our 

focus is to use the CuO paper as an example for studying the formation mechanism of such a unique 

structure and for evaluating its multiple electrochemical applications. 

           

. Fig. 6.3 (A) XRD patterns and (B) XPS spectra of as-synthesized six types of MO papers. 

      A combination of thermogravimetric analysis (TGA) and microscopy imaging can offer crucial 

clues for understanding the possible formation mechanisms of MO papers. For the TGA analysis, 

both dried Cu
2+

-GO and pure GO papers were heated under the same experimental condition. When 
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the samples were heated in air from room temperature to 600 
o
C, the differential scanning 

calorimetry (DSC) measurements show that both samples exhibit a similar exothermic peak around 

210 
o
C (Fig. 6.5a), attributed to the decomposition of OCGs on GO

31, 32
, but the Cu

2+
-GO paper 

occurred at a notably lower decomposition temperature by approximately 10 
o
C (i.e. ΔT≈10 

o
C) and 

with a less weight loss (~3.1%) compared to pure GO paper. For further comparison, we performed 

similar TGA and DSC in a N2 atmosphere instead of air. To our surprise, the same phenomenon 

was observed for these two samples. This observation clearly indicates that external oxygen from 

air is not essential for the formation of MO papers. Instead, the GO nanosheets can serve as the 

oxygen donor, while the absorbed Cu
2+

 ions act as the oxygen acceptor during the thermal reduction 

of GO. As a result, CuxO (x = 1 or 2, which is identified by XPS spectra and discussed later) 

nanoclusters were crystallized between the GO layers (TEM images in the insets of Fig. 6.5a) and 

grow by expanding the interplanar spacing of the GO paper. The TGA curve shows that the first-

stage weight loss of Cu
2+

-GO paper started at ~180
 o
C, in which the CuxO clusters were formed and 

attached to GO layers as revealed by the TEM image (inset i in Figure 6.5a). The CuxO clusters 

maintained their size at around 5 nm until the annealing temperature elevated to 400 
o
C (insets ii  

and iii in Fig. 6.5a), in which the Cu
2+

-GO paper was subjected to the second-stage weight loss.  
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Fig. 6.4 TEM images of nanostructures of metal oxide layers at higher resolution: (a) and (b) Co3O4, 

(c) and (d) NiO, (e) and (f) CuO, (g) and (h)  ZnO , (i) and (j) Mn3O4 and (k ) and (l) Fe2O3, 

respectively. 
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Fig. 6.5 (a) TGA (solid lines) and DSC (dash lines) of Cu
2+

-GO (red lines) and pure GO (blue lines) 

papers annealed in air. Insets are the TEM images of the Cu
2+

-GO paper after heated at different 

temperatures, corresponding to the points marked on the TGA curve. Scale bars: 20 nm (i), 40 nm (ii) 

and 15 nm (iii). (b‒d) TEM images and corresponding selected area electron diffraction (SAED) 
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pattern of Cu
2+

-GO paper annealed at 500 
o
C; the scale bar in (b) is 40 nm. The SAED pattern 

indicates the presence of CuO crystalline structures. (e) AFM image and a corresponding height 

profile of the 2D CuO monolayer sheets. 

      The second exothermic process was reflects the decomposition of carbon components of GO 

paper. The Cu
2+

-GO paper decomposed at much lower temperatures (ΔT ≈ 100 
o
C) and faster than 

pure GO paper (Fig. 6.5a), because the crystallization and growth of CuxO in the Cu
2+

-GO paper 

disrupted the ordered layer structure of GO paper. Owing to the sacrifice of the GO layers, CuxO 

clusters started to grow and to connect to their neighbors to form a 2D network after annealing at 

400 
o
C or higher temperatures. Cupric oxide (CuO) networks composed of ~15 nm nanocrystals 

were fully formed after annealed at 500 
o
C (Fig. 6.5b‒d). The network consists of the monolayers 

that have a thickness of ~10 nm as measured by AFM (Fig. 6.5e) and an average pore size of ~10 

nm determined by the nitrogen adsorption-desorption isotherms (based on the Brunauer-Emmett-

Teller (BET) method). The BET surface area of CuO networks was estimated as 61.1 ± 0.2 m
2 

g
-1

. 

These results confirm the polycrystalline nature and nanoporous structure of CuO monolayers. 

Owing to this ultrathin and nanoporous structural characteristics, the CuO papers have an ultralow 

apparent density of approximately 65 ± 4 mg cm
-3

, which is calculated on the basis of the precise 

mass determination by a quartz crystal microbalance (QCM). The value is at least one order of 

magnitude lower than the density of bulk CuO powders composed of similar-size particles
33

 and the 

CuO paper is even more than 27 times lighter than pure GO papers
34

.
 

      We further discuss the formation mechanism of porous MO networks in this section, based on 

the experimental observations. We propose the growth process of the MO crystals in Fig. 6.6 with 

CuxO as an example. The crystallization and growth of CuxO nanocrystals, as well as the 

enlargement and disruption of GO layers are schematically illustrated in Fig.6.6 a‒c. During the 

nucleation and crystallization of clusters (Fig. 6.6b), Cu
2+

 ions accept a limited amount of oxygen 

species only from GO layers, leading to a partial aggregation into Cu
2+

‒O‒Cu
2+

 complexes. They 

are, however, confined and protected by GO layers from reaching a steady state by blocking the 

passage of environmental O2 in air. In contrast, the progressive thermal activation caused the 

Cu
2+

→Cu
+
 reduction with oxygen elimination

35
. Cuprous oxide (Cu2O) was therefore identified at 

this stage. Spontaneous self-organization/self-recrystallization of adjacent Cu2O clusters was 

observed. As disclosed by the TEM image (the inset in Fig. 6.6c and Fig. 6.7), the Cu2O clusters 

attached to each other along the common crystallographic orientations (highlighted by parallel 

yellow and blue lines in the inset of Fig. 6.6c) to form a larger crystal. This observation strongly 

suggests that the growth of Cu2O clusters follows an Oriented-attachment mechanism (a non-
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conventional crystallization mechanism) 
36, 37

. During the coarsening process, GO paper was 

gradually destroyed so that dioxygen (O2) was allowed to diffuse into the GO paper interlayers. 

Cu2O was consequently fully oxidized to CuO, as evidenced by the Cu 2p XPS spectra and XRD 

patterns (Fig. 6.3). 

 

Fig. 6.6 Schematic illustration of the proposed oriented-attachment mechanism for the growth of MO 

crystals. (a) The interlayer structure of Cu
2+

-GO paper before annealing. (b) The interlayer structure of 

Cu
2+

-GO paper after annealing at 180 
o
C. (c) TEM image (sample treatment, ST: 300 

o
C), XPS spectra 

and XRD patterns (ST: 180 and 400 
o
C) indicating the self-recrystallization via the oriented 

attachment mechanism and full oxidation of Cu2O clusters into CuO. The raw TEM image is provided 

in Figure 6.7. Scale bar is 5 nm.  (d) Illustration and TEM image (ST: 500 
o
C) of the as-prepared CuO 

crystal annealed upon 400
 o
C. Scale bar: 10 nm. Not drawn to scale. 
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Fig. 6.7 A representative TEM image of CuO samples treated at 400 
o
C for 4.5 h. Larger crystals are 

formed by the assembly of smaller clusters. 

      In the following stage, the 15-nm CuO particles attached to their neighbors in the confined 

nanoscale space to form a network. However, because the aggregation had already reached 

saturation, further reorientation and self-organization/self-recrystallization of nanocrystals were 

restricted. Given the fact that metal ions are confined within GO paper and their total amount is 

constant, it is largely ruled out that the MO could undergo diffusion-controlled Ostwald ripening 

growth process. In other words, the solo oriented attachment mechanism is solely responsible for 

the growth of MO crystals 
37

.These results in a significant difference in structures between the MO 

samples synthesized by GO paper template and reference MO samples prepared by other templates 

In short, the solo oriented attachment mechanism can well explain the formation of monolayered 

nanoporous MO. 

      The monolayer nanoporous structure could play a key role in providing shorter diffusion paths 

and rapid electrolyte transport in electrochemical reactions. The as-prepared MO papers are thus 

expected to exhibit high electrochemical performances. Among these MOs, CuO is one of the 

earliest, most Earth-abundant, and cheapest semiconductor materials investigated for energy related 
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technological applications. It has been proven that it is a versatile candidate that holds promising 

applications in various fields such as photocatalysis and supercapacitors
38-41

.
  

6.3. Applications  

6.3.1 Application of CuO as photocathode  

      To demonstrate the application perspective of the as-synthesized materials, we first tested the 

CuO paper as the photocathode for PEC water splitting. Nanocrystalline CuO is an attractive p-type 

semiconductor for PEC applications. Its conduction band edge has a more negative potential than 

the potential needed for water reduction to generate hydrogen, which makes this material a 

promising photocathode material for water splitting. The indirect transition bandgap of the CuO 

paper is estimated from the Tauc plot as ≈ 1.34 eV, further making it a good candidate for solar 

water splitting as the CuO paper can absorb photons from the solar spectrum. In the meantime, the 

band gap of 1.34 eV is higher than the thermodynamic potential for water splitting (1.23 eV). We 

fabricated photocathodes by directly casting the CuO paper on an ITO electrode and tested their 

PEC performances for water splitting. As shown in Fig. 6.8a, CuO paper can be steady wet-casted 

on various substrates such as soft human fingers or hard ITO owing to the high flexibility of 

nanoporous CuO layers. Therefore, the CuO paper can be integrated likely with a wide range of 

current collector materials including ITO, rough copper mesh, porous carbon and flexible 

conductive polymers. In addition, the transparency of CuO papers can be adjusted by controlling the 

thickness of GO paper template. In other words, the amount/mass/thickness of the as-prepared MO 

papers can be largely controlled. Fig. 6.8b shows the transmission spectra of a series of CuO 

paper/ITO photocathodes (named No.2‒No.8) with various thicknesses. Their transmission in the 

visible-light region varies from 50% to 5%. The semi-transparent photoelectrodes are highly 

desirable in photovoltaic applications
42, 43

. 
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Fig. 6.8 (a) Photographs of CuO papers wet-casted on a finger and an ITO. Inset is a TEM image 

demonstrating a highly flexible CuO nanoporous monolayer. Scale bar: 400 nm. (b) Transmission 

spectra of a series of CuO paper/ITO photocathodes. Spectrum 1 was obtained at bare ITO electrodes 

as a reference. CuO paper/ITO photocathodes with decreasing transparency in the visible light range 

upon increasing the film thickness are continuously numbered top-down. (c) Schematic illustration of 

the operation principles of light-driven water splitting for a PEC cell based on CuO paper/ITO 

photocathode; e
- 
and h

+
 denote electron and hole, respectively. (d) Current density of a series of CuO 

paper/ITO photocathodes as a function of their transmittance at 800 nm. The photocurrent density 

was recorded at -0.5 V (vs SCE)  in 0.5 M Na2SO4 under light illumination of 100 mW cm
-2

, where a 

Pt wire and saturated calomel electrode (SCE) were used as a counter and reference electrode, 

respectively. The current density-weight (I-m) ratio obtained photocathode No.5 is highlighted. (e) 

Linear sweep voltammgrams collected at a scan rate of 10 mV s
-1

 from photocathode No.5 at 100 

mW cm
-2

. (f) Amperometric I-t curves of the photocathode No.5 at an applied voltage of -0.5 V upon 

light on/off cycles. 
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      The CuO paper/ITO photocathodes with an active surface area of 0.8 cm
2 

were employed in the 

one-step excitation PEC water splitting (Fig. 6.8c). The mean photocurrent density measured for 

photocathodes No.2‒No.8 is compared in Fig. 6.8d. The highest net photocurrent generated (by 

photocathode No.5) can be up to 210 μA cm
-2

. Since the ITO surface was also exposed to the 

electrolyte due to the nanoporous nature of CuO paper, the photocurrent generated by the bare ITO 

electrode as a background current must be measured. However, the result shows that bare ITO 

electrodes only generate negligible photocurrent compared to CuO paper coated ITO electrodes.  

      The systematic measurements were performed at photocathode No.5, with the key results shown 

in Fig. 6.8e and f. Linear sweep voltammagrams (LSV) and net I-t curves were collected in the dark 

and under visible-light illumination (100 mW cm
-2

, λ > 400 nm) in 0.5 M Na2SO4 electrolyte. A 

considerable photocurrent was generated rapidly on light illumination, and the electrode exhibited 

fast and stable On-Off switching (Fig. 6.8f). We also observed a transient photocurrent in response 

to chopped illumination (Fig. 6.8f). The instantaneous photocurrent (I0) measured immediately after 

the visible-light illumination was switched on is associated with a surface electron-hole 

recombination. After the transient phase, the steady-state photocurrent (Iss) arising from the flux of 

electrons that are successfully transferred to the electrolyte was obtained.
44

 The charge transfer 

efficiency (ƞtrans) can be estimated from the ratio of transition to steady photocurrents (i.e. ƞtrans= 

Iss/I0). The ƞtrans calculated from Fig. 6.8f is about 70%, indicating a good electrode/electrolyte 

contact even without employing co-catalyst such as Pt nanoparticles
45

.
 
This should be attributed to 

the nanoporous structure of CuO papers. 

     We further calculated the solar conversion efficiency (ƞconv), or the efficiency of photon-to-

hydrogen generation, based on the measured Iss values according to the following equation
46, 47 

                             ƞconv = Iss(1.23-V)/Jlight                                                            (6.1) 

Where V is the applied potential, and Jlight the intensity of light irradiation. The conversion 

efficiency of photocathode No.5 is as high as 0.36%, which is a considerable improvement 

compared to those previously obtained at co-catalyst-free photoelectrodes (for example, 0.15% for 

ZnO:N nanowires
47

, 0.1% for gold nanorods
48

, 0.12 for Si and TiO2 nanotrees
49

, 0.1% for ZnO thin 

film
50

 and 0.1% for TiO2 nanorods
51

). In addition, the conversion efficiency of CuO papers could be 

further improved by using co-catalysts or conductive chemical agents, though it is beyond the scope 

of the present work but should constitute an interesting ongoing research effort. 
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      More importantly, it is worth noting that only ~70 μg CuO paper was used in the construction of 

photocathode No.5. In most previous reports, in contrast, the amount of photoactive materials (m) 

needed for the construction of a photoelectrode with the similar efficiency is normally in the range 

from tens of milli grams to several grams. To date, the current density-to-active material mass ratio 

has rarely been reported in literature. In response to current environmental and energy concerns, 

however, lightweight materials could offer unique advantages to meet special needs in some areas 

such as wearable devices, spaceship, and army or astronaut clothing’s. In fact, lightweight materials 

have especially been identified as necessary and important by the U.S. Department of Energy, in 

order to fulfill the Energy Efficiency programs.
52

 In the present case, we calculated the Iss-m ratio of 

photocathode No.5 to be as high as 3.0 A cm
-2

 g
-1

, which is more than one order of magnitude 

higher than the value estimated from previously reported solar water splitting materials (0.125
49

, 

0.25
53

,~0.2 A cm
-2

 g
-1 54

). 

6.3.2 Application of CuO as supercapacitor electrode materials  

      Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements were 

conducted with a three-electrode system as described above. Fig. 6.9a shows CVs of the as-

prepared CuO paper electrodes in 1 M KOH aqueous electrolyte at different scan rates ranging from 

5‒175 mV s
-1

. The pair of strong anodic and cathodic peaks is associated with the Faradaic redox 

reaction of the Cu
+
/Cu

2+
 transition. This suggests the hybrid contribution of the double-layer 

capacitance and redox reaction from Cu paper electrodes
2
. It is also notable that the shape of CV 

curves remained almost unchanged with increasing scan rate. This suggests high rate capability of 

the electrode. The hybrid capacitive performance of the CuO paper electrodes was further 

investigated by GCD measurements. Fig. 6.9b shows GCD curves of the electrodes in 1 M KOH 

aqueous electrolyte with increasing the constant current density from 2 to 20 A g
-1

 in the potential 

window of -0.1 to 0.5 V (vs saturated calomel electrode, SCE). Notably, the dynamic voltage drop 

is extremely low, which is not observed at conventional metal oxide based electrodes. This 

observation indicates that the CuO paper-based capacitor has low equivalent series resistance. The 

specific capacitance (SC) of the electrodes was calculated from the discharging curves. As shown in 

Fig. 6.9c, the SC value for CuO paper electrodes at 2 A g
−1

 reaches 323 F g
−1

, which is remarkably 

higher than that of normal CuO bulk electrode (78 F g
-1

) 
2
. The SC of the electrode at 20 A g

-1
 is 

200 F g
−1

, which is as much as 62% of that at 2 A g
−1

. In addition, the CuO paper electrodes show 

high cycling stability, as shown in Fig. 6.9d. After 1000 continuous cycles at 10 A g
-1

, the SC 
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retained 83% (200.13 F g
-1

). The results demonstrate that the CuO papers are very suitable for 

fabrication of supercapacitor electrodes which can be used in fast charge-discharge cycles, stilling 

retaining a significantly high specific capacitance. 

 

Fig. 6.9 Supercapacitor performances of CuO paper electrodes: (a) CVs obtained with various scan 

rates. (b) Galvanostatic charge-discharge curves at different applied current densities. (c) 

Dependence of the specific gravimetric capacitances as a function of the applied current density. (d) 

Cycling stability at a high current density of 10 A g
-1

. Inset in (d) shows the first and last five charge-

discharge cycles. 

6.5. Conclusions  

      In summary, we have reported here a general method for the high-yield and possibly large-scale 

synthesis of ultralight, freestanding and nanoporous MO papers. Six types of MO papers including 

ZnO, CuO, Co3O4, Fe2O3, Mn3O4 and NiO are demonstrated as examples. The MO papers consist 

of nanoporous monolayers, which are attributed to the confined synthesis facilitated by the 

sacrificial GO paper as a template. We have discussed the formation mechanism of the unique 

nanostructured MO papers in detail. We suggest a non-conventional oriented attachment 

mechanism that can well explain the formation of the unique structured MO materials. In our proof-
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of-the-concept studies, the CuO papers were directly used to fabricate photocathodes for 

photoelectrochemical water splitting. These CuO paper based photocathodes have demonstrated 

clear advantages for lightweight electrochemical applications. Straightforward structural 

improvement to a material can lead to a significant enhancement in the photocurrent-weight ratio. 

Besides, when used as supercapacitor electrodes the CuO paper exhibits a large specific capacitance 

(323 F g
−1

 at 2 A g
−1

) and good cycling stability.  
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Chapter 7. Bottom-up method for synthesis of 2D nanoporous hybrid 

CuO/ZnO nanosheets for non-enzymatic biosensor  

7.1. Introduction  

      CuO/ZnO based muti-functional nanohybrid materials were widely used in various applications, 

such as gas sensors
1
, chemical sensors

2
, biosensors

3-5
, photo degradation

6-8
, catalysis

9-10
, energy 

storage
11

, memory application
12

, especially application in non-enzymatic sensors for detection of 

glucose
13-14

. The heterostructured ZnO–CuO composite material has been extensively used for 

sensing application due to its high sensitivity and fast response time originated in the extension of 

the electron depletion layer through the formation of p-n junction
15-16

.  

      As we mentioned in Chapter 6, various MOs were successfully synthesized using GO paper as a 

template, CuO paper displayed high performance for supercapacitor and photocathode, which 

suggests that the morphology and structure of MOs can significantly influence their 

physicochemical properties. In this chapter, we used scalable two-dimensional (2D) GO papers as 

templates to synthesize layer-by-layer nanoporous 2D heterostructured ZnO–CuO nanosheet and 

furthermore used them for ultrasensitive non-enzymatic detection of glucose. 

       GO papers were prepared by vacuum filtration of GO solution. Metal cation (Cu
2+

 and Zn
2+

) 

was loaded on GO paper via physical absorption
17, 18 

and electrostatic interaction between oxygen 

groups and metal cations. During annealing in air, CuO/ZnO nucleation process was initiated and 

the porous CuO/ZnO nanoclusters formed between the GO layers. D-spacing of GO paper 

interlayers restricted the MO expansion in the Z axis, which resulted in the formation of ultrathin 

2D nanosheets. After removing GO by heating, MO papers maintained the layer-by-layer, ultrathin 

and nanoporous structure. More interestingly, the as-prepared ZnO–CuO composite material by 

using GO paper as a template can provide better  chances for continuous growth of p-n junction at 

the nanoscale, which could be very useful  for electrochemical and photoelectrochemical 

applications.   

7.2. Experimental section  

      Preparation of 2D nanoporous MO nanosheets: GO paper was used as a platform for the 

synthesis of 2D MO nanosheets. GO was synthesized by the procedure described in section 2.1.3. 

Briefly, the GO paper was fabricated by vacuum filtration of GO solution and further dried at room 
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temperature. The GO paper was then immersed in 0.1 M Cu
2+

 and Zn 
2+

solution for 48 h, and rinsed 

carefully by Milli-Q water. After that, the sample was heated from room temperature to 500 
o
C at a 

rate of 10 
o
C min

-1
 and held at this temperature for 4 h under air atmosphere. After cooling down to 

room temperature, paper-like sample was collected and characterized by SEM.  The sample was 

dispersed in ultrapure ethanol by sonication, and further drop-cast on different substrates for 

structural characterization with TEM, XRD, XPS. Such samples were also used in electrochemical 

measurements. 

7.3 Results and discussion  

7.3.1 Preparation of CuO/ZnO 2D hybrid nanosheets  

      High-quality GO was synthesized by a modify Hummer’s method according to our previous 

work 
19- 21

(detailed in Chapter.2). AFM images (Fig. S2) clearly show that the size of the GO sheets 

ranges from 0.5 to 5 µm, and the thickness is about 1.2 nm. As expected, the UV-vis spectrum is 

characterized by the two main peaks at 230 and 300 nm (Fig. S3). Fig S1A and Fig.S1B presents 

XPS survey and C 1s spectra of GO. The XPS spectra of GO exhibits a relatively high O1s and a 

weak C1s peak, while the C1s XPS spectra of GO show various oxygen-containing carbon groups 

(OCGs) including C=O and C–O, which indicates that OCGs are abundantly present on the GO 

sheet surfaces, providing attaching site for positively charged molecular groups and nanoparticles
22-

23
. Vacuum filtration of GO solutions was used to prepare GO paper, and then it was immersed into 

Cu
2+

 solution, Zn
2+

 solution or a mixture of Cu
2+

 and Zn
2+

 solution for 48 h, after careful rinsing 

with Milli-Q water it was dried in air. Metal ions modified GO paper was transferred into oven for 

annealing at 500 
o
C for 5 h, the MO paper largely retained the same shape but its color changed to 

white, black, and light back, respectively, corresponding to ZnO, CuO, and CuO/ZnO samples. 

7.3.2 Characterization of metal oxides  

      The as-synthesized composites were examined first by powder X-ray diffraction (Fig. 7.1). In 

the XRD pattern of ZnO, a definite line broadening of the XRD peaks indicates that the prepared 

material is composed of particles with nanoscale sizes. From this XRD pattern analysis, we can 

obtain the key parameters regarding the peak intensity, position and width, full-width at half-

maximum (FWHM). The diffraction peaks located at  2θ=31.7°, 34.4°, and 36.3° are assigned the 

index as the hexagonal Wurtzite phase of ZnO (PDF #36-1451). Similarly, in the XRD pattern of 
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CuO the peaks at 2θ=35.4°, 38.7°and 48.7°correspond to the (002), (111), and (-202,) reflections of 

CuO. Both exhibit the characteristic diffractions of mixed-valence compounds with a face-centred 

cubic structure, and all diffraction peaks can be readily assigned to the standard phase of monoclinic 

(PDF #48-1548) without any characteristic peak originated in possible impurities such as Cu2O or 

Cu(OH)2. In the hybrid of CuO/ZnO, it displays both CuO and ZnO diffractions. And XPS was also 

used to confirm that hybrid 2D porous CuO/ZnO was obtained (Fig. 7.2). The binding energies of 

Cu 2p3/2, Zn 2p3/2, and O 1s are identified at 933.63, 1021.9, and 529.67 eV, respectively. The high-

resolution Cu scan, 2p3/2 and Cu 2p1/2 appeared in 934.9 eV and 945.9 eV (Fig. 7.2 B) indicate that 

Cu is in the Cu
2+

 oxidation state. The XPS measurements thus verify the structures consisting of 

CuO and ZnO, furthermore, the atom ratio of Cu with Zn is calculated as approximately 1:1, which 

is consistent with the concentration ratio of the mixed solution. This clearly suggests that each 

cation had equal opportunity to diffuse into the interlayers of GO paper and to be captured.  It 

should be mentioned that carbon was detected by XPS (Fig. 7.2) and could come from residual 

graphene which was not completely burned out during the annealing. 

 

Fig. 7.1 XRD patterns of 2D porous CuO, ZnO and CuO/ZnO nanosheets.   
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Fig. 7.2 XPS spectra of 2D nanoporous CuO-ZnO nanosheet samples. (A) Survey spectrum, (B) 

high-resolution Zn 2p scan and (C) high-resolution Cu 2p scan. 

      In general, CuO/ZnO oxide was synthesized by chemical methods, the shape of most products is 

nanocubic or nanoparticle and protecting ligands are necessary for preventing aggregation. Due to 

the fast grow process and no restriction in the growth direction, it is difficult to control the 

morphology of the metal oxide. In contrast, in the present case hybrid CuO/ZnO displayed ultrathin 

2D nanosheet, the size is about 20 nm and 50 nm corresponding to ZnO and CuO according to the 

TEM image shown in Fig. 7.3C.  In addition, high-resolution TEM image (Fig.7.3D) suggests that 

highly nanoporous structure (the pore size from 5 to 50 nm) formed by the network of CuO/ZnO 

nanosheets. There are probably two reasons that nanoporous structure is formed. One is that 

CuO/ZnO nanosheets were connected each other during the growth process, the other is that GO has 

a lot of defects or pores which would affect the growth of CuO/ZnO nanosheets. Such kinds of 

nanoporous structure normally give rise to a high specific surface area and plenty of pores with 

even distribution, which is very helpful for ion diffusion. High-resolution TEM image of CuO/ZnO 

in Fig.7.3E shows lattice fringes with interplanar spacing of 0.25 nm and 0.28 nm corresponding to 

the CuO 002 lattice face and ZnO 100 lattice face. The selected area electron diffraction (SAED) is 

shown in Fig. 7.3E, and it is in good agreement with the XRD patterns and illustrated a 

polycrystalline structure of CuO/ZnO. The thickness of the most ZnO/CuO nanosheets is about 2-5 

nm (3-7 layers of single layer MO) as measured by AFM (the image in Fig. 7.3F and the cross-

sectional profile in Fig.7.3G). In addition, the SEM images (in Fig.7.3A and Fig. 7.3B) of CuO/ZnO 

reveal the layer-by-layer structural feature in microscale. Moreover, the density of 2D nanoporous 

CuO/ZnO nanosheet was estimated as about 50 mg cm
-3

 by quartz crystal microbalance (QCM), 

which is at least 10 times lighter than normal CuO powder composed of similar size particles. 
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Fig. 7.3 SEM images with different magnifications (A and B), TEM images (C and D), SAED (E) 

and AFM image (F) with corresponding cross-sectional profile along the line marked in the AFM 

image (G) of  2D porous CuO/ZnO nanosheet. 
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      In order to investigate the elemental distribution of Cu and Zn in the 2D nanoporous CuO/ZnO 

hybrid nanosheets, scanning electron microscopy (SEM) and EDX mapping analysis were 

performed for single MO sheets. SEM mapping images of C, O, Cu and Zn elements are shown in 

Fig. 7.4. All atoms were distributed uniformly in the nanocomposite, suggesting that structurally 

uniform CuO/ZnO hybrid nanosheets were obtained. 

 

Fig. 7.4 EDX mapping images of 2D porous CuO/ZnO nanosheet. 

     The BET surface area of as-obtained CuO/ZnO hybrid materials is estimated as approximately 

80 m
2
 g

-1 
(Fig. 7.5), with the average pore size of ∼10 nm. These pores are featured by the bimodal 

arrangement, which could play a key role in providing shorter diffusion paths and rapid transport of 

electrolyte ions as well as providing more active sites for electrochemical reactions. In addition, 

from XRD and XPS analyses, it appears that rGO was not completely removed. Graphene most 

likely exists as a film coated on metal oxide surfaces or edges to enhance the overall conductivity, 

in turn beneficial for electron transfer. Given these striking nanostructured properties, the 2D 

CuO/ZnO hybrid nanosheets may exhibit good electrochemical performance as a non-enzymatic 

sensing material for detection of glucose. 
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Fig. 7.5. Nitrogen adsorption-desorption isotherms of CuO/ZnO papers.  

7.4 Application of 2D porous CuO/ZnO nanosheets  

      Accurate detection of glucose is important for clinical diagnostics in diabetes control and 

analytical applications in biotechnology, environmental pollution control, and food industry. 

Amperometric glucose biosensor which can satisfy the requirements of clinic blood glucose level 

measurement, glucose oxidase (GOx) modified electrode is the most common class of 

amperometric biosensors for glucose detection because GOx enables catalytic oxidation of glucose 

with high sensitivity and selectivity
3, 24

 However, these enzyme modified electrodes have some 

disadvantages, for instance, the instability of the electrode and unsatisfactory reproducibility, the 

complicated immobilization procedure, and the expensive enzymes are that easily lose activation. 

For addressing such issues, the development of non-enzymatic sensors with high sensitivity and 

stability, and interference-free glucose determination is critical.  

      Due to the fact that CuO/ZnO hybrid materials displayed high specific area, 2D porous 

nanosheets are promising electrode materials for non-enzymatic sensor used for glucose detection. 

Cyclic voltammetry of 2D porous CuO, ZnO and CuO/ZnO nanosheet modified glassy carbon 

(GCE) electrodes in 40 mL 0.1 M NaOH or KOH solution without and with 1 mM glucose were 

studied (Fig.7.6A). Compared the CV without and with 1 mM glucose, obvious reduction peaks 
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around 0.6 V (vs SCE) can be observed in blank NaOH solution, which corresponding to the 

Cu(II)/Cu(III) redox couple according to previous studies (except for pure ZnO nanosheet 

electrode), the reaction process can be depicted as eq(7.1). After injection of glucose into the 

electrolyte solution, Cu (III)(OOH) obtains an electron and acts as an electron acceptor. Electrons 

are transferred from glucose to the electrode which leads to increase of the peak current, with the 

reaction process following eq(7.2). The oxide current dramatically increased, which suggests a 

kinetic limitation in the reaction between the redox sites of the CuO and CuO/ZnO modified 

electrode and glucose. The starting reaction potential for glucose oxidation can be lowered to 0.25 

V (vs SCE).   

 

                                                  𝐶𝑢𝑂 + 𝑂𝐻− − 𝑒− → 𝐶𝑢𝑂(𝑂𝐻)                                               (7.1) 

                                    2𝐶𝑢𝑂(𝑂𝐻) + 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 → 2𝐶𝑢𝑂 + 𝑔𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 𝐻2𝑂              (7.2) 

      In order to evaluate the performance of electrochemical analysis for glucose, the non-enzymatic 

chronoamperometric detections of glucose at 0.6 V (vs. SCE) was performed with successive 

addition of glucose. Fig. 7.6B shows the I-t curves of different 2D porous ZnO, CuO and CuO/ZnO 

nanosheet modified GCE electrodes in 0.1 M NaOH solution by successive addition of different 

concentrations of glucose. Both CuO and CuO/ZnO show typical steady-step response with very 

low noise, significant increase in the oxidation current, which shows the electrocatalytic activity of 

the modified electrodes towards the oxidation of glucose. A linear relationship between the glucose 

concentration and catalytic current is found in the range of 4 to 140 μM at the CuO/ZnO modified 

electrodes (Fig. 7.6C), with detection limit of 0.5 μM. The linear regression equation with a high 

correlation coefficient (R) of 0.998 is obtained, and the sensitivity estimated as 500 μA cm
−2

 mM
−1

, 

over 6 fold higher than that for pure CuO (≈ 84 μA cm
−2

 mM
−1

). It is possible that assembly CuO 

with ZnO to heterostructures, which the formation of a p–n junction could result in the extension of 

the space charge region, which locally narrows the conducting channel for the charge carriers in the 

ZnO, thus making the p–n junction more sensitive to glucose induced charge transfer. The 

application of CuO/ZnO for glucose sensors thus involves two types of sensing behavior: 

adsorption-induced surface depletion and chemical conversion with a change in the electrical 

potential. Another mechanism is that the heterostructures could expand the active area of CuO. 

      Reproducibility, selectivity and stability: To further test the performance, some characteristics 

tests on 2D porous CuO/ZnO nanosheets are performed. First, the intra-electrode and inter-
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electrode reproducibility of 2D porous CuO/ZnO nanosheet for nonenzymatic glucose sensing were 

evaluated. The relative standard deviations (RSD) are no more than 8.7 % for the current response, 

indicating a satisfaction electrode-to-electrode reproducibility. Additionally, the RSD of 3.5% (S/N 

= 3) for 50 μM of glucose demonstrates good single-electrode reproducibility. In order to explore 

the specific detection of glucose in real sample using the proposed approach based on 2D 

nanoporous CuO/ZnO nanosheet modified electrode, the I-t curve of 2D CuO/ZnO nanosheet 

modified GCE electrodes in 0.1 M NaOH solution by successive addition of 50 μM of glucose and 

different interfering agents, as shown in Fig.7.6D. Some common interfering species in human 

serum, such as uric acid (UA), ascorbic acid (AA), dopamine acid (DA), nicotinamide adenine 

dinucleotide (NADH), Mg, K, Na and Ca ions, were chosen for tests. As clearly seen in Fig.7.6D, 

the current responses of interfering species have little effect compared to glucose, it is indicated that 

10 times concertation interferences high in bloods is no response for detection 50 μM glucose. The 

good selectivity of 2D nanoporous CuO/ZnO nanosheet against some reducing compounds, such as 

AA, can be ascribed to the obvious repulsion of negatively charged CuO and ZnO (the isoelectric 

point both are about 9.5) and the negatively charged AA (deprotonated) under highly basic 

conditions
14

. The good selectivity of 2D porous CuO/ZnO nanosheet electrodes for glucose and 

against other interfering materials can be ascribed to the synergetic action of well-designed 2D 

porous structure and high surface area structure, which provides maximum numbers of active free 

paths to the glucose molecules and facilitates faster electron transfer (electronic kinetics).  
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Fig. 7.6. (A) CVs of CuO/ZnO in 0.1 M NaOH (red line) and with 1 mM glucose (blue line) with a 

scan rate of 50 mV/s; (B) amperometric responses to glucose addition with the different concentrations, 

with the working electrode potential fixed at +0.6 V (vs SCE) in a stirred solution; (C) the calibration 

curve of the current response to glucose; and (D) amperometric responses to different interference  and 

glucose addition with the CuO/ZnO modified electrode potential fixed at +0.6 V (vs SCE) in a stirred 

solution. 

7.5 Conclusions  

      2D CuO/ZnO heterostructures were successfully synthesized via using graphene oxide paper as 

sacrificial template, display high porous and layer-by-layer structure. The resulting material shows 

high-performance towards detection of glucose in terms of sensitivity and selectivity. The material 

preparation method could be applied to prepare other 2D porous metal oxide nanosheets that can be 

used for non-enzymatic sensors, photocatalytic degradation of organic pollutants, and energy 

conversion and storage.   
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Chapter 8. Graphene oxide templated synthesis of nickel oxide 

nanosheets for enzymeless detection of urea 

8.1 Introduction 

      Control and regulation of metabolic end products is very important for a healthy human life. 

Urea is one of the most concerned compounds in the human metabolism. Therefore, monitoring of 

the urea amount in different products is very essential for the agricultural and environmental 

industries. Urea is also an important industrial chemical widely used in fertilizers as a source of 

nitrogen and is an important raw material for the chemical industry. Due to its high nitrogen level 

(46% nitrogen by mass), urea has been illegally added into feed stuffs and foods to artificially boost 

their crude protein content since the protein levels are estimated by the conventional standard 

Kjeldahl or Dumas tests without identifying nitrogen sources. An increase in the urea level (the 

normal range in blood is 15–40 mg dL
-1

) causes renal failure, urinary tract obstruction, dehydration, 

shock, burns, gastrointestinal bleeding, etc. Traditionally, different types of analysis means have 

been developed for melamine detection, such as high- performance liquid chromatography (HPLC), 

liquid chromatography/mass spectrometry (LC–MS), gas chromatography/mass spectrometry (GC–

MS), enzyme-linked immunosorbent assay (ELISA) and capillary electrophoresis. These methods 

could have high sensitivity and good accuracy, but require complicated and time-consuming steps, 

expensive instrumentation and specific skills for operation, which limit their wide applications. 

Therefore, developing a rapid, simple, convenient and sensitive method for the determination of 

urea has become increasingly important. Although there are several reports
1, 2

 of enzyme based 

biosensors for urea detection, but they suffer from major drawbacks due to high cost of enzymes 

and lack of long-term stability. Development of a sensitive, selective, reliable and low-cost material 

based biosensor is of great importance for the diagnosis and management of urea. In recent years 

nanomaterial based electrochemical biosensors have attracted wide popularity and applicability due 

to their good selectivity, portability, inexpensiveness and simplicity
3,4

.  

      Non-enzymatic biosensors with metal oxide based electrocatalysts have received widespread 

interest for the high sensitivity and stability of the sensing responses
5
. Different low-cost metal 

oxides such as NiO, CuO, ZnO, and Co3O4 with well-defined redox properties
6
, have been 

employed for direct electrocatalytic oxidation and determination of many biochemically important 

compounds such as urea, glucose, and dopamine 
6, 7

. In particular, Ni-based catalysts have exhibited 
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excellent catalytic abilities for different biosensing applications
8-13

. However, most of sensor 

platforms had to attach the nanostructure to a conductive supporting substrate such as graphene, 

carbon nanotube and ITO to enhance the current signal. Detection of urea by using conductive 

supporting agent free 2D NiO nanosheet was not previously reported. This work aims to introduce 

NiO nanosheet based electrochemical sensor for the detection of urea. In our report, layer-by-layer 

nanoporous 2D NiO nanosheet was prepared by using graphene oxide paper as a sacrificial template 

and assembled into conductive agent-free electrochemical sensor for detection of urea. Ni
2+

 was 

loaded on graphene oxide paper via electrostatic attraction between oxygen-containing groups and 

adsorbed cations. During high-temperature annealing process in air atmosphere, NiO nucleation and 

crystal growth were proceeded to produce a highly porous NiO nanosheet. This is due to the space-

confined synthesis. D-spacing of interlayers in the graphene paper enables to restrict the MO 

growth in the Z axis, leading to the X- and Y-direction expansion to form 2D ultrathin nanosheets. 

After removing graphene oxide template by high-temperature heating, the NiO could retain layer-

by-layer and ultrathin structural features duplicated from graphene oxide paper, meanwhile the 

nanopores were introduced.  Moreover, the resulting material is ultralight with a density of 70 mg 

cm
-3

 approximately 10 times lighter than most commercial NiO products.  

8.2 Experimental section 

      Preparation of 2D porous NiO nanosheets:  Graphene oxide (GO) paper was used as a 

template for the synthesis of 2D nickel oxide nanosheets. GO was synthesized by a previously 

reported method by our group
14

. The GO paper was fabricated by using vacuum filtration of GO 

solutions and further dried in room temperature. Then, the GO paper was immersed in 0.1 M Ni
2+

 

solution for 48 h, and washed carefully with Milli-Q water. After that, the sample was heated from 

room temperature to 500 
o
C at a rate of 10

o
C min

-1
 and maintained at 500 

o
C for 4 h under air 

atmosphere. After cooling to room temperature, paper-like sample was collected and was directly 

characterized by SEM. The sample was dispersed in ultrapure ethanol by sonication and further 

drop-cast on different substrates for structural characterizations by TEM, XRD, XPS as well as such 

sample was used for electrochemical measurements. 
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8.3 Results and discussion 

8.3.1  Synthesis of 2D nanoporous NiO nanosheets 

      Graphene-like 2D materials with few nanometers thickness and several micrometers of lateral 

size have attracted huge attention in recent years. Owing to large surface-to-volume ratio and the 

quantum-confinement effect, these few atom thick 2D nanosheets exhibited unique physical and 

chemical properties different from the bulk materials
15

. Consequently, these 2D nanomaterials have 

shown their wide range of applications in sensing, solar cells, energy-storing devices, photocatalytic 

systems, and others
16-19

. In General, there are two different ways for the synthesis of 2D nanosheets, 

i.e. one is top-down approach and the other is bottom-up approach. In top-down approaches, 2D 

nanosheets are exfoliated from the bulk crystal materials by using chemical reactions or mechanical 

force
20-21

. In bottom-up approaches, 2D nanosheets are grown by directly starting from atoms, ions, 

or molecules. Top-down approaches are very popular and well-established in this regard due to their 

simple synthetic strategies. And most of the recently developed 2D materials are first prepared by 

the exfoliation from their bulk material. However, the major challenge is to synthesize a 2D 

material from non-layer layer structured bulk material
22

. Bottom-up approaches can be an ideal way 

to face this challenge. And choice of an ideal 2D template for the synthesis of 2D nanostructures is 

very significant in this regard. In this work, taking NiO as an example, we establish the bottom-up 

synthesis of 2D NiO nanosheets by using graphene paper as a template.  

      In our bottom-up synthesis procedure, we chose graphene oxide (GO) paper as the 2D template, 

and designed a new synthesis route following which NiO can duplicate the shape of 2D GO paper. 

GO has widely been used as the template for the growth and self-assembly of various inorganic 

nanomaterials
5, 6

, but for most of the cases the resulting products were usually composed of 

nanoparticles loaded on the GO sheets based composites. However, the ideal duplication of 2D 

nanostructure of GO has not been achieved. Using our method, uniform 2D NiO nanosheets with a 

lateral size of only ≈50 nm were successfully prepared by using GO paper template. For the bottom-

up synthesis of 2D NiO based on GO paper, thin layer of acetate of nickel was deposited on the GO 

paper in the solution and form a composite. Next, GO was removed from the composite by 

calcination at 500 °C, while the acetate of nickel was converted into the 2D NiO sheets. GO paper 

acts as a superior 2D template to direct the growth and self-assembly of nickel oxide due to its high 

dispersibility in water, and availability of a large number of oxygen-containing functional groups, 
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which provide strong attraction to the inorganic materials. As an example of the improved 

characteristic of 2D -NiO nanosheets, they were used for electrochemical sensing of urea, and 

showed much higher sensitivity compared with other materials. 

8.3.2 Structural characterization of nanosheets 

      The as-prepared 2D NiO nanosheets were analyzed by X-ray diffraction technique to get the 

information about their crystal structures. Fig. 8.1A shows the X-ray diffraction (XRD) patterns of 

the 2D NiO nanosheets. The diffraction peaks at 2θ = 37.2°, 43.2°, and 62.6° are corresponding to 

the (1 1 1), (2 0 0), (2 2 0) planes of the 2D structure of NiO sheets, respectively. No impurity-phase 

peak was detected, suggesting that the product is highly pure NiO crystals.  

 

Fig. 8.1. XRD pattern (A) and XPS spectrum (B) of 2D NiO nanosheets. Inset is the expanded view 

of Ni 2p peak. 

      X-ray photoelectron spectroscopy (XPS) was also carried out to investigate the chemical states 

of bonded elements in the 2D NiO nanosheets. As shown in Fig. 8.1B, the survey XPS spectrum 

displays a set of peaks corresponding to C 1s, O 1s, and Ni 2p bindings, respectively. It should be 

noted that C 1s (285.1 eV) is ascribed to a carbon-based substrate, which is an indication remaining 

part of the sacrificial GO template. The peak at ~531.6 eV and ~855.7 eV are attributed to O 1s and 

Ni 2p spectra from NiO nanosheets.  
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Fig. 8.2. (A) Low and (B) high magnification SEM images of 2D NiO nanosheets, (C) HRTEM image 

of 2D NiO nanosheets, (D) HRTEM image and SAED pattern of 2D NiO nanosheets 

      SEM and TEM were performed to characterize the structure and the morphology of the as-

synthesized 2D-NiO nanosheets. Fig. 8.2A and B show the SEM images to reveal the layered and 

porous structures. Fig. 8.2C shows a typical TEM image of 2D NiO nanosheets. It is clearly seen 

from the pictures that all the 2D nanosheets are ≈50 nm in the lateral dimension. And the high 

resolution TEM (HRTEM) image (Fig. 8.2D) shows the transparent nature of the nanosheets. The 

inset in Fig. 8.2D displays selected area electron diffraction (SAED) patterns of NiO nanosheets. 

Consistent with the XRD results, several well-defined rings corresponding to the certain diffraction 

planes of NiO are found, suggesting that the NiO nanosheets have a well-defined crystalline 

structure. According to the HRTEM image (Fig. 8.2D), moreover, the building blocks of NiO 

nanosheets are consisting of numerous NiO nanocrystals with a well-defined lattice spacing of 0.28 

nm corresponding to the (1 1 1) lattice plane of NiO. The NiO nanosheets were further analyzed by 

taking elemental mapping images to evaluate the element distribution (Fig. 8.3B-D), which further 

supports the layered structural feature of NiO nanosheets. 
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Fig. 8.3. (A) SEM image of 2D NiO nanosheets, (B) EDS mapping of the corresponding SEM image 

(A) of 2D NiO nanosheets, (C) Carbon elemental mapping, (D) Nickel elemental mapping. 

8.3.3  Electrochemical characterization of 2D NiO nanosheets 

      Figure 8.4 represents the cyclic voltammograms (CVs) of the NiO nanosheets modified glass 

carbon in argon saturated 0.1 M NaOH solution at a scan rate from 10 to 300 mV s
−1

. 2D NiO 

nanosheets display a pair of well-defined redox peaks with anodic peak and cathodic peak at +0.47 

V and +0.42 V (vs SCE), respectively. Apparently, the NiO nanosheets show much better 

electrochemical activity with the smaller peak potential separation of 50 mV. The couple of peaks 

are recognized as the redox reaction of Ni
2+/

Ni
3+

 couple on the electrode surface in the medium 
23, 24

. 

From Fig. 8.4A, it is clearly seen that the anodic peak has a positive shift and the cathodic peak has 

a slight negative shift with increasing scan rate. This fact indicates a quasi-reversible electron 

transfer for the electrochemical reaction. Moreover, the relationship between peak currents (Ip) and 

scan rate (υ) was evaluated by a series of plots of Ip versus υ
x
 with x = 0.5–1.0. The best linear fit 

(i.e., with the best regression coefficient (R)) is achieved for x = 0.7, demonstrating that both 
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surface and diffusion control electrochemical processes are involved here, due to the nanoporous 

structural nature of 2D NiO nanosheets. 

Fig. 8.4. (A) CVs of the 2D NiO nanosheets/GCE electrode in 0.1 M NaOH electrolyte with different 

scan rates, (B) Relationship between the redox peak current and scan rate. 

8.3.4  Non-enzymatic urea sensing response 

       The CV technique was used to investigate the electrochemical behavior of the 2D-NiO 

nanosheets/GCE in 0.1 M NaOH without and with the presence of urea. The presence of redox peak 

from the cyclic voltammogram of 2D NiO nanosheets/GCE in presence of urea is a clear indication 

for the feasibility of electrocatalytic oxidation of urea on this electrode. After the addition of urea 

into the electrolyte solution, the anodic peak current exhibited a remarkable increase accompanying 

with a slight positive shift of anodic peak potential, and a decrease of the cathodic peak (Fig. 8.5A), 

suggesting excellent electrocatalytic activity of 2D NiO nanosheets towards urea oxidation.  The 

oxidation of urea was electrocatalyzed by the Ni
2+/

Ni
3+

 redox couple as described in eq. (8.1) and eq.

(8.2).  

NiO + OH
- 
- e

- 
 NiO(OH) (8.1) 

𝑁𝑖𝑂𝑂𝐻 + 𝑢𝑟𝑒𝑎 → 𝑁2
 + 𝐻𝐶𝑂3

− + 𝑁𝑖𝑂  (8.2) 

The electro-oxidation of urea consumes Ni
3+

 and further helps in the slight decrease of cathodic

peak current. On the other side, the oxidation of urea on electrode surface would certainly induce 
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adsorption of urea and the oxidized intermediates on active sites of 2D-NiO nanosheets, which may 

sluggish the kinetics of the redox reaction and give rise to a slight positive shift of the anodic peak
24

. 

For amperometric sensing measurements, the change of current is continuously measured with the 

addition of analyte at a constant potential. The electrochemical sensing performance of 2D-NiO 

nanosheets/GCE sensor was evaluated here by amperometric measurements. The amperometric 

response of the 2D-NiO nanosheets /GCE sensor to the successive step-wise addition of urea was 

carried out at an applied potential of 0.5 V. Fig.8.5Ba shows a typical current-time plot of the as 

prepared sensing material on successive addition of urea. As the urea was added into the stirring 

buffer solution, the sensor responded rapidly to the substrates. Fast response was obtained after each 

addition of analyte. The response was highly stable, and the increase periodically in the current was 

obtained. The amperometric response was saturated for higher concentration of urea. The non-

enzymatic urea biosensor could response linearly from 4.4 to 181.6 µM and it has a dynamic 

concentration range from 4.4 to 513.4 µM (Fig. 8.5C). 

8.3.5  Interference study 

      Selectivity is one of the most important characteristics in evaluating the overall performance of 

an electrochemical sensor. The possible interference from various organic and ionic species related 

to urea detection was investigated for 2D NiO nanosheets based electrodes. In the sample analysis, 

co-existence of other electroactive species, such as ascorbic acid (AA), glucose, and dopamine 

(DA), might affect the detection of urea. Therefore, the effects of interfering species (e.g., DA, AA, 

Na, K, Ca, Mg, Vitamin C and Glucose) on the 2D-NiO nanosheets /GCE sensor were examined at 

their physiological concentration. From the amperometric analysis, the current responses of 

interfering species have little effect compared to glucose, it is indicated that 250 μM of AA, DA, Na, 

K, Ca, Mg and 25 μM glucose no response for detection 25 μM urea. Which indicated that the 2D 

NiO nanosheets based electrodes are quite stable for the detection of urea without detectable 

interference from these species (Fig. 8.5D). 
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Fig. 8.5. (A) CVs of the 2D NiO nanosheets/GCE electrode in 0.1 M NaOH electrolyte in the 

absence (red curve) and presence (black curve) of urea. (B) Amperometric i-t curve for the response 

to successive addition of urea into the electrolyte solution. (C) Calibration plot of the urea 

concentration vs current. (D) The amperometric response to the addition of 25 μM urea and different 

interfering species with specific concentrations (the concentration of AA, DA, Na, K, Ca and Mg is 

250 μM; VC and glucose 25 μM). 

8.4  Conclusions 

      In summary, a simple and low-cost method has been developed to synthesize 2D NiO 

nanosheets with graphene oxide paper as a template. The as-prepared 2D NiO nanosheets was 

successfully utilized for the fabrication of an enzymeless electrochemical urea sensor, which 

showed advantages of high sensitivity, fast response time, and good stability for non-enzymatic 

determination of urea. The simple bottom-up preparation procedure using GO paper and enhanced 

electrocatalytic performance could potentially pave the way for materials preparation and 

construction of inexpensive, reproducible, and highly sensitive urea sensors. 
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Figure S1. XPS spectra of pure GO: C 1s scan (left) and survey spectrum (right). 

 

 

1.  

Figure S2. (A) AFM image of GO nanosheets and (B) cross-sectional profile corresponding to the 

line marked in the AFM image (A). 
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Figure S3. UV-vis spectrum of graphene oxide solution, and insert shows digital photographs of GO
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Graphene papers: smart architecture and specific
functionalization for biomimetics, electrocatalytic
sensing and energy storage

Minwei Zhang,†a Chengyi Hou,†ab Arnab Halder,a Hongzhi Wang*b and Qijin Chi*a

Paper is an attractively assembled form of materials and has accompanied our daily life almost

everywhere. Two-dimensional layered materials, especially graphene, have unique intrinsic structures to be

exploited for smart architecture of macroscopic papers that are offering many newly emerging

applications. Research advances in graphene based papers in the past few years have created a new

category of composite materials. This review aims at offering an up-to-date comprehensive summary of

graphene-supported papers, with the emphasis on smart assembly and purpose-driven specific

functionalization for their critical applications associated with sensing, environmental and energy

technologies. The contents of this review are based on a balance combination of our own studies and

selected research studies done by worldwide academic groups. We first give a brief introduction to

graphene as a versatile building block and to the current status of research studies on graphene papers.

This is followed by addressing some crucial methods of how to prepare graphene papers. We then

summarize multiple possibilities of functionalizing graphene papers, membranes or films. Finally, we

evaluate some key applications of graphene papers in the areas of chemical/electrochemical sensors,

biomimetics and energy storage devices, just before leading to our concluding remarks and perspectives.

1. Introduction

Graphene has attracted much attention from researchers, from
physicists, chemists to material scientists in the past decade. It
is a material structurally characterized as a two-dimensional
(2D) sheet of carbon atoms arranged in a hexagonal configu-
ration with atoms bonded by sp2 bonds. In 2004, Geim,
Novoselov and co-workers at the University of Manchester first
reported that graphene nanosheets exfoliated from bulk
graphite using Scotch tape can stably exist and can be studied
for their unique electronic and optical properties.1 Although an
apparently rigid 2D material, graphene is not completely flat,
but rather exhibits ripples that even provide the possibility for
confining nanoparticles and molecules. In the case of graphene
oxide (GO), and its reduced form (reduced graphene oxide,
rGO), the structure is even more complicated. Owing to the
oxygenated functional groups existing on both the basal planes
and at their edges, GO (or rGO) has a hybrid structure comprised
of a mixture of sp2 and sp3 hybridized carbon atoms.2,3

Several methods have been developed for the preparation of
graphene, such as peeling-off graphite, liquid phase exfoliation,4–6

chemical vapour deposition (CVD),7–9 wet-chemical reduction of
GO,10–12 graphitization of silicon carbide,13 unzipping of carbon
nanotubes,14,15 and bottom-up organic synthesis.16,17 These
methods, all of which produce graphene with different size,
shape, chemical composition, and environment, have different
requirements for functionalization. Since 2004, graphene has
been studied for its potential applications in electronics, energy
storage and conversion (e.g. supercapacitors, batteries, fuel
cells, and solar cells), and bioscience/biotechnologies because
of its unique physicochemical properties such as high surface
area (theoretically 2630 m2 g�1 for single-layer graphene
sheets), excellent thermal and electrical conductivity, and
robust mechanical strength.

The mass production of high-quality GO has been achieved
by chemical oxidation and exfoliation of low-cost graphite,
based on the modified Hummers’ method, and a stable
suspension of GO can be obtained by ultrasonic treatment of
graphite oxide or GO in water, which has therefore become a
widely-used precursor for the solution-processing synthesis of
graphene based nanomaterials. The abundant hydroxyl and
epoxy groups on the basal plane and the carboxyl groups at the
sheet edges are normally introduced during the wet-chemical
synthesis of GO. These functional groups not only facilitate the
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a b s t r a c t

There has been increasing interest recently in mixed-valence inorganic nanostructure functionalized
graphene composites, represented by Prussian blue, because they can cost-effectively apply to biosensors
and energy devices. In this work, we present a one-pot green method to synthesize interlocked gra-
phene–Prussian Blue hybrid composites as high-performance materials for biosensors and supercapacitor
electrodes. Given the fact that graphene oxide (GO) can act as an electron acceptor, we used iron(II) and
glucose as co-reducing agents to reduce GO under mild reaction conditions without introducing toxic
agents. High quality Prussian blue nanocubes with no or little coordinated water were generated si-
multaneously. Reduced graphene oxide (rGO) was thus functionalized by Prussian blue nanocubes via
chemical bonding to form a kind of interlocked microstructure with high stability and good conductivity.
The as-synthesized composites were tested for biosensing of hydrogen peroxide (H2O2) and as super-
capacitor electrode materials. The specific capacitance of the microcomposite based electrodes can reach
428 F g�1, with good cycling stability. The microcomposite also displays high performance catalysis to-
wards electroreduction of H2O2 with a high sensitivity of 1.5 A cm�2 M�1.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Prussian blue (PB), as a non-enzymatic but enzyme mimicking
catalyst, has been explored for applications in chemical sensors
(Chi and Dong 1995; Liu et al., 2014a, 2014b; Yang et al., 2015a,
2015b; Zhao et al., 2005), biosensors (Arduini et al., 2006; Gao
et al., 2014; Sekar et al., 2014; Wang et al., 2014; Zhu et al., 2013),
energy devices (Okubo et al., 2010; Pasta et al., 2012) and water
quality monitoring (Hao et al., 2015). PB and its analogs are con-
sidered as promising energy storage materials, because the theo-
retical specific capacity of PB can be as high as 170 mA h g�1

(Okubo et al., 2010). In addition, the facile synthetic procedure,
nontoxicity and low cost of PB based materials make them have
potential favoring for large-scale production and multifunctional
applications. However, to date these great potentials have been far
from exploitation, as the practically achieved specific capacity of
PB is much lower than theoretical expectation. PB also suffers from
low Coulombic efficiency and poor cycling stability, which has
limited its practical utilization as energy materials. This has largely
originated in the poor process used in PB crystal growth, in which
coordinated water is hardly avoided and occupies most vacancies
of the PB crystal. Moreover, the water-occupied vacancies may
induce a lattice distortion, which dramatically affects specific ca-
pacity and Coulombic efficiency, and deteriorates overall electro-
chemical performances. In most cases, PB prepared by the direct
precipitation reaction of the Mmþ cations and the [M(CN)6]n�

anions in a neutral aqueous solution always contains a large
number of vacancies occupied by coordinated water, because of
the fast precipitation process. However, a recent report showed
that high-quality PB nanocubes or/and analogs without co-
ordinated water can be synthesized by employing Na4Fe(CN)6 as a
single iron-source precursor, and the resulting material was tested
as cathode electrodes for sodium-ion battery with impressive
electrochemical performances (Yang et al., 2015a, 2015b; You et al.,
2014). This was achieved by a slow process for growth of PB
crystals, so that the number of vacancies occupied by coordinated
water is dramatically reduced or even completely eliminated in
some cases.

Graphene-based materials have captured great attention
among physicists, chemists and materials scientists. Graphene is a
two-dimensional (2D) sheet of carbon atoms in a hexagonal con-
figuration connected by sp2 bonds. This unique nanostructure
holds considerable promise for its potential applications in many
technological fields such as nanoelectronics (Berger et al., 2004;
Cernetic et al., 2014), sensors (Dong et al., 2012; Li et al., 2014;
Song et al., 2010), functional nanocomposites (Klein et al., 2015;
Zhang et al., 2010a, 2010b; Zhu et al., 2013), and energy devices
(Liu et al., 2014a, 2014b; Wang et al., 2011; Xiong et al., 2015; Xu
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ABSTRACT: Thanks to their versatile functionality, metal oxides (MOs) constitute one of the key family materials in a variety
of current demands for sensor, catalysis, energy storage and conversion, optical electronics, and piezoelectric mechanics. Much
effort has focused on engineering specific nanostructure and macroscopic morphology of MOs that aims to enhance their
performances, but the design and controlled synthesis of ultrafine nanostructured MOs in a cost-effective and facile way remains
a challenge. In this work, we have exploited the advantages of intrinsic structures of graphene oxide (GO) papers, serving as a
sacrificial template, to design and synthesize two-dimensional (2D) layered and free-standing MO papers with ultrafine
nanostructures. Physicochemical characterizations showed that these MO materials are nanostructured, porous, flexible, and
ultralight. The as-synthesized materials were tested for their potential application in photoelectrochemical (PEC) energy
conversion. In terms of PEC water splitting, copper oxide papers were used as an example and exhibited excellent performances
with an extremely high photocurrent-to-weight ratio of 3 A cm−2 g−1. We have also shown that the synthesis method is generally
valid for many earth-abundant transition metals including copper, nickel, iron, cobalt, and manganese.

KEYWORDS: 2D nanomaterial, graphene oxide paper, templated synthesis, ultralight metal oxide,
photoelectrochemical water splitting, hydrogen generation

1. INTRODUCTION

Due to their versatile functionality, metal oxides (MOs) have
become one of the key family materials for a range of increasing
demands from sensor, catalysis, energy storage and conversion,
and optical electronics to piezoelectric mechanics.1−6 The fact
that many transition metals are earth abundant offers
advantageous opportunity for scale-up production of MO
nanomaterials. It has been noticed that physicochemical
properties of MOs, their electronic and optical features in
particular, are significantly dependent on grain size and
morphology.7,8 For example, compared to their bulk materials
nanostructured MOs with large surface-to-volume ratio and
nanometer grain size can display much enhanced photo-
electrochemical performance.9,10 The bottom-up assembly of
MO nanostructures into a macroscopic form is needed for
many practical applications of MO materials.11,12 However,
nanoscale MO building blocks such as nanoparticles, nano-
sheets, nanorods, and nanotubes often undergo densif ication

and suffer signif icant loss of specific surface areas during the
assembly process. To overcome these critical challenges, recent
efforts have focused on the development of controlled assembly
methods. For example, Dou and co-workers reported an
impressive approach, based on employing lamellar reverse
micelle templates, to generalize template-induced self-assembly
of scalable two-dimensional (2D) transition MO nanosheets.13

Another example was demonstrated by Hwang and co-workers,
in which they used graphene nanosheets as a platform for the
2D ordered assembly of TiO2 nanopartciles.14 These
templating methods have in general inspired other researches
to create macroscopic 2D or three-dimensional (3D) MO
materials.15−19
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We have explored AuNPs (13 nm) both as a catalyst and as a core for synthesizing water-dispersible and highly
stable core–shell structural gold@Prussian blue (Au@PB) nanoparticles (NPs). Systematic characterization by
transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) disclosed AuNPs coated
uniformly by a 5 nm thick PB layer. Au@PB NPs were attached to single-layer graphene oxide (GO) to form
Au@PB decorated GO sheets. The resulting hybrid material was filtered layer-by-layer into flexible and free-
standing GO paper, whichwas further converted into conductive reduced GO (RGO)/Au@PB paper via hydrazine
vapour reduction. High-resolution TEM images suggested that RGO papers aremultiply sandwich-like structures
functionalized with core–shell NPs. Resulting sandwich functionalized graphene papers have high conductivity,
sufficient flexibility, and robust mechanical strength, which can be cut into free-standing electrodes. Such elec-
trodes, used as non-enzymatic electrochemical sensors, were tested systematically for electrocatalytic sensing
of hydrogenperoxide. The high performancewas indicated by someof the key parameters, for example the linear
H2O2 concentration response range (1–30 μM), the detection limit (100 nM), and the high amperometric sensi-
tivity (5A cm−2M−1).With the advantages of low cost and scalable production capacity, such graphene support-
ed functional papers are of particular interest in the use as flexible disposable sensors.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Graphene paper
Electrochemistry
Disposable sensors
Flexible 2D materials
Electroactive nanoparticles
Core/shell nanoparticles
1. Introduction

Two-dimensional (2D) graphene films, membranes or papers derived
from graphene oxide (GO), reduced graphene oxide (RGO) or pristine
graphene have attracted significant interest in a wide range of fields from
physics, materials science, and sensors to environmental engineering. This
is because such materials not only retain the core properties of individual
graphene sheets, but also add collective properties or/and synergistic func-
tionality resulting from purpose-driven assembly or/and functional doping
with desirable components. The advantages of low mass density, supra-
flexibility, large surface area, tough mechanical strength, and high electrical
conductivity make graphene-derived composite materials hold great prom-
ise to meet a number of requirements in modern technologies, especially
graphene supportedmaterials for electrochemical sensingapplications [1–4].

Several techniques have been explored in the preparation of graphene
papers. These include vacuum filtration of GO or RGO solutions [5,6],
layer-by-layer (LBL) assembly [7,8], two-phase induced interfacial self-
assembly [9,10], spin coating [11,12], electrophoretic deposition (EPD)
[13,14], and chemical vapour deposition (CVD) [15,16]. Each method
has its own advantages and shortcomings. Vacuum filtration is a simple
and effective way to prepare pure or functionalized GO papers, which
can be transformed into conductive RGO papers, with low cost and ease
of operation, although the procedure is time-consuming in some cases.
Individual GO nanosheets tend to interact increasingly under the vacuum
pressure towards self-assembly into multilayer membranes or paper, in
which the nanosheets are connected via multiple interactions including
π–π stacking, hydrogen bonding, ionic electrostatic attraction, andhydro-
phobic interaction.

Different materials have been exploited to endow graphene nano-
sheets or papers with specific functionality. The materials include poly-
mers (PEI [17], PDDA [18], PANi [19] and PVDF [20]), and inorganic
nanostructures (Au NPs [21], Ag NPs [22], Pt NPs [23], Au@Pt NPs [24],
NiO or Ni(OH)2 [14,25], V2O5 [26], Co3O4 [27], ZnO [28], TiO2 [29] and
Fe3O4 [30]). With high conductivity and mechanical strength, graphene
paper can be used as free-standing electrodes for sensors or energy
devices. Especially, graphene papers functionalized with metal nano-
particles, polymers or biomolecules are promising candidates for
bioelectrochemical applications such as electrochemical biosensors
and biofuel cells. For example, PtNPs/MnO2 nanowire/graphene paper
has been used as a free-standing electrode for detection of H2O2 [23].
Glucose sensors have been constructed in different ways based on
PANi/AuNPs/graphene film-GOD composites (GOD = glucose oxidase)
[31]. The resulting sensors have been used in the determination of
glucose concentration in blood samples in the physiological range
of 3.9–7.8 mM. Graphene paper electrodes decorated with gold nano-
particles have also been used as low-cost and robust impedimetric
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ways toward achieving self-protection for active materials. In 
the presence of light, the random oxidization of active materials 
is generally accelerated.[16–18] However, it was found that core–
shell nanostructured materials containing a plasmonic core 
(e.g., Au, Ag, or Cu)[19] and a metal (oxide) shell could undergo 
the opposite process, i.e., LSPR-mediated chemical reduction or 
decomposition of shell upon specific light irradiation.[15] Such 
observations are obviously counter-intuitive and would inspire 
new research. It is noted that their experiments were per-
formed in a nonoxygen environment.[15] We have thus raised 
the question: can the LSPR-mediated photoswitching effect be 
efficient enough to prevent oxidation of active metals or oxides 
under oxygen and sunlight conditions? This question has yet to 
be answered and has motivated the present work.

We have first developed a new method to synthesize active 
core–shell microfibers, consisting of a core of copper nanopar-
ticles and a shell of cuprous oxide nanowires (Figure 1). Such a 
unique structure is proven special and the key to study LSPR-
mediated antioxidation effects. We show that this novel kind 
of heterostructural microfiber can be prepared in pure water 
via simultaneous anodic electrolysis and a direct current (DC) 
electrophoretic assembly. Secondly, we find that the resultant 
copper-oxide fibers are surprisingly stable in oxygen-containing 
aqueous solution upon simulated solar irradiation. In contrast, 
copper/cuprous oxide mixtures without such an organized struc-
ture are oxidized rapidly under the same conditions. Finally, all 
experimental evidence points to LSPR-mediated antioxidation 
being responsible for this unusual phenomenon and material 
stability. The as-designed core–shell microfibers could become 
a promising new catalyst for durable photocatalytic applications.

To probe LSPR-mediated oxidation protection effects, we use 
three key criteria to design the active fiber: (1) its core/shell 
structure should be actively responsive to oxygen, and at least 
one of the components is plasmonic, (2) the nanocomposite 
must have an open structure so that both core and shell compo-
nents can interact with an oxygen-containing environment (the 
inset in Figure 1), and (3) the use of chemical reagents in the 
synthesis should be avoided or minimized in order to rule out 
side effects from surface coating, for example by surfactants or 
polymers. The first requirement is satisfied by using copper foil 
with high purity as a starting material. To meet the other two 
criteria, we have developed a reagent-free method to synthesize 
a unique kind of nanoparticle–nanowire core–shell structures 
in pure water.

There are a number of solution-processed methods developed 
for preparing metal (oxide) nanomaterials.[20–23] However, most 

Sunlight and dioxygen are two of the essential elements for life 
sustainability on Earth. In the evolution of modern science and 
technology, researchers have a long-standing interest in how to 
use earth-abundant materials such as metals and their oxides to 
store solar energy, to convert it, and even to produce dioxygen 
via biomimicking artificial photosynthesis. Efficient exploitation 
of these natural sources has become increasingly in demand for 
human survival and sustainable development, arising from cur-
rent energy and environmental concerns. On the other hand, 
sunlight and dioxygen could invoke negative effects under 
certain circumstances. For example, random oxidation (or cor-
rosion) of metals and degradation of metal oxides upon their 
exposure to sunlight and air have caused huge economic losses 
every year.[1–3] Undesirable oxidation of active nanomaterials 
has also limited their use for many commercially important 
energy systems.[4–8] Several strategies have been attempted to 
prevent active materials from oxidation, mainly by introducing 
protective coatings,[9–11] such as inert atoms,[12] polymers,[13] 
and more recently graphene-based materials.[14] However, the 
native functionality of such materials would be hindered by 
coated layers. Self-protection of active materials from oxygen 
or/and sunlight is thus highly desired, when operating in such 
environments, but it seems to be an unnatural event and has 
been rarely achieved.

Very recently, visible-light induced switching of the oxidation 
states of metal (oxide) was reported by Linic and co-workers.[15] 
Although the mechanisms have not been fully understood, 
they believed that localized surface plasmon resonance (LSPR)-
mediated energy transfer is a key reason for the observed phe-
nomenon. This finding might inspire the development of new 
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ABSTRACT: Engineering traditional materials into the new form of atomic and free-standing
two-dimensional structures is of both fundamental interest and practical significance, but it is
in general facing challenges especially for metal oxide semiconductors. We herein report an
ultragreen method for the cost-effective and fast preparation of atomic metal oxide nanosheets
that can be further transformed into nanofilms. The method combines top-down building
block synthesis and bottom-up electrophoretic assembly in water under ambient conditions,
using only bulk metal and Milli-Q water without involving any additional reagents. The focus
is on free-standing polycrystalline ZnO nanosheets that can be produced with a lateral
dimension as large as 10 μm and a thickness of 1 nm (the thinnest free-standing metal oxide
nanosheet ever reported). A new electrophoretic assembly mechanism dominated by intrinsic
surface polarity was revealed. We also demonstrate potential applications of this approach for
wet electronic systems as exemplified by facile and in situ fabrication of dielectric layers and
cellular electrets.

■ INTRODUCTION

Two-dimensional (2D) nanomaterials have exhibited unique
electronic and optical properties because of their quantum well
band structure and large surface exposure.1−3 The recent rise of
2D nanomaterials, represented by graphene,4 phosphorene,5

MXene,6 hexagonal boron nitride (h-BN),7 and MoS2,
8 has

offered emerging opportunities for the development of new-
generation electronic and photonic technologies. The recent
explosive development of these 2D nanomaterials has become
feasible because of some facile and high-quality synthesis
methods employed such as mechanical and liquid exfoliation,
which is facilitated by the intrinsic 2D layered structures of
starting materials.9−11 Other synthesis methods, including high-
temperature (chemical vapor deposition12 and thermal
expansion13) and wet chemical (redox, solvothermal, or
colloidal growth reactions14−16) processes, have also been
developed because of their capability of scaling up production,
but they have suffered from some disadvantages. For example,
in most cases, (1) strict reaction conditions and environ-
mentally unfriendly reagents are needed for synthesis, (2)
processes are rather complicated and costly, and (3) byproducts
are usually generated in addition to the target product.
In spite of the drawbacks mentioned above, these existing

methods would continue to play important roles in the
synthesis of a novel class of 2D atomic nanomaterials that are
intrinsically non-2D in their conventional crystal structure. The
definition of 2D in these cases is that the materials can be
isolated as free-standing few-atom-thick layers. This non-natural
free-standing 2D form of traditional materials has attracted a

growing amount of attention because such a structure could
exhibit unexpected and/or unpredictable new physicochemical
properties. For instance, 2D polymers (also known as
monolayers of molecular plywood), organic frameworks, and
metal−organic frameworks have shown promising advantages
for their application in the fields of molecular electronics,
photoelectronics, and electrocatalysis.17−20 Free-standing 2D
metals, including Pd,21 Ru,22 Au,23 and Fe24 nanosheets, have
also been reported to be highly chemically active. Atomic metal
oxide nanosheets have exhibited unusual energy band structure
and outstanding electrochemical performance.25−28

However, critical reaction conditions or chemical templates
are often required to break materials’ three-dimensional (3D)
symmetry and foster anisotropy in 2D growth. In general, the
facile and green synthesis of 2D atomic nanomaterials from
nonlayered starting materials remains a challenge. The
challenges are especially notable for metal oxide (MO)
semiconductors that are functionally versatile and particularly
important for electronics and photonics, because the lateral
expansion of MO atomic nanosheets is highly restricted
because of unfavorable energetic kinetics. The development
of novel synthetic strategies toward efficient, simple, eco-
friendly, and large-scale synthesis of such non-natural structures
is highly desirable.
On the basis of alternative working principles, in this work,

we have demonstrated an effective approach to the synthesis of
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