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ABSTRACT 

Converting biomass waste into high-value products presents a challenging task in the 

environmental field. Growth of graphene from solid-state precursors is cost-effective and is 

becoming a hot research topic. However, the underlying mechanisms are as yet unclear. In this 

work, we report a novel method for directly growing adlayer-free large area graphene from 

cellulose acetate, the main component of cigarette filter waste. The evolution of cellulose acetate 



 

to reduced graphene oxide and finally to graphene is shown in this work for the first time. The 

effect of various growth parameters, hydrogen concentration and Cu grain boundaries on the size 

and qualities of the monolayer graphene domains is clarified. Finally, the mechanism for the 

growth of graphene from a solid-state precursor is proposed. The field-effect-transistor fabricated 

from transferred monolayer graphene demonstrated high electron and hole mobilities ~1500 

cm2/(V·s). This work presents a new opportunity for converting biomass waste into high-value 

graphene products. 

KEYWORDS: evolution; cellulose acetate; reduced graphene oxide; monolayer graphene  

 

1. INTRODUCTION 

 

    Biomass, which is composed mainly of carbon and hydrogen, is biologically produced matter. 

Millions of tons of biomass waste are generated every year [1]. However, the environmental 

treatment of biomass waste presents formidable challenges [2]. The direct combustion of biomass 

in the air releases huge amounts of CO2 into the atmosphere, expediting global warming [3]. Some 

promising options for disposing of biomass include converting biomass waste into biofuels or 

industrial products. Unfortunately, biofuel production from biomass by fermentation is costly [4]. 

Currently, the most practical way of treating biomass waste is to convert it into industrial 

products. For example, cellulose, a common and abundant biomass, can be readily converted to 

cellulose acetate after simple treatment. Briefly, cellulose was first transformed to cellulose 

triacetate and then to cellulose acetate by partial hydrolysis [5-8]. Cellulose acetate has been 



 

widely used as a timing layer in photography [9], as an eyeglasses frame material [10], and as the 

main component of cigarette filters [11]. However, the waste generated by these cellulose acetate-

based products is poorly biodegradable and thus generates serious environmental problems [12]. 

This work analyzes the conversion of cellulose acetate into graphene, one of the most promising 

materials for future flexible electronics, transparent devices, spintronics, and atomic catalysts [13-

17]. 

While numerous articles have reported on the chemical vapor deposition growth of graphene 

from methane [18-21], few studies have explored the possibility of converting polymers or grasses 

to graphene due to the complex growth mechanisms and reaction intermediates [22, 23]. Compared 

with the gaseous precursor methane, the growth of graphene from solid biomass precursors follows 

different mechanisms and is more vulnerable to variations in the growth conditions. Kalita group 

has reported growth of high quality single crystal graphene from plastic packaging materials and 

found that the shape and layers of graphene crystals were significantly influenced by the injection 

rate of decomposed polymeric components [23]. Besides, solid carbon precursor provides a facile 

platform to dope graphene directly during the growth process [22, 24].  However, to date, the 

complex evolution processes and growth mechanisms of biomass to graphene have not been fully 

elucidated. In addition, the effect of various growth conditions on the products are yet to be 

clarified. This study explores the effect of growth temperature, growth time, hydrogen flow rate, 

growth pressure and substrate grain boundary on the size and quality of the resulting carbon 

nanomaterials. The results were analyzed through transition-state theory, mass transfer, reaction 

kinetics, and a modified plug flow model. Guided by the modified plug flow model, large-area 

monolayer graphene was successfully grown from cellulose acetate. Both the electron and hole 

mobilities extracted from graphene field-effect-transistors were ~1500 cm2/(V·s), indicating a high 



 

quality of the graphene. Moreover, a flexible transparent graphene-based heater was fabricated on 

polyethylene terephthalate (PET) film and demonstrated high heating efficiency.  

 

2. EXPERIMENTAL  

2.1. Sample Preparation.  

    Twenty-five µm thick copper foils (99.8%, Alfa Aesar) were cut into 15 x 30 mm2 pieces, 

flattened by glass slides, and cleaned with ammonium persulfate and ethanol to remove surface 

oxides and contaminants. Cellulose acetate (Mn ~ 30,000 by GPC) was purchased from Sigma 

Aldrich directly. Subsequently, 0.1mL cellulose acetate/acetone dispersion (30 mg/mL) was used 

to spin coat half the Cu substrate, resulting in ~1 µm thick cellulose acetate film. The sample was 

then immediately loaded into a custom-made chemical vapor deposition (CVD) system and the 

chamber was pumped down to ~0.5 Pa. A gas mixture of H2 (5 sccm unless otherwise specified) 

and Ar (50 sccm, unless otherwise specified) flowed into the system under constant pressure (1600 

Pa, unless otherwise specified). The furnace temperature was raised to 1050 °C (unless otherwise 

specified) in 1 hr or at an average heating rate of ~17 °C/min. The growth time was 20 minutes 

(unless otherwise specified). Finally, the quartz tube was cooled to room temperature rapidly at a 

cooling speed of ~ 200 °C/min.   

 

2.2 Graphene Growth Conditions.  

    To study of effects of temperature, growth time, hydrogen flow rate and pressure on the quality 

of the synthesized graphene, the growth was conducted at different conditions as shown in Table 

1. 



 

                                Table 1. Graphene growth conditions 

 

2.3 Raman Spectroscopy.  

    Raman spectra of as-grown carbon nanomaterials on Cu substrates were recorded with a 

confocal Raman microscope with 488 nm laser (WITec, Alpha 300 R). 

 

2.4 Scanning Electron Microscopy (SEM).  

    Scanning electron microscopy images of as-grown carbon nanomaterials were collected on a 

Zeiss Merlin-61-95 microscope. 

 

2.5 Energy-dispersive X-ray Spectroscopy (EDX).  

Energy-dispersive X-ray spectroscopy spectra were acquired with an EDS system (EDAX 

company, model: Octane Elect Plus).  

 

2.6 Atomic Force Microscope (AFM).  



 

    Atomic force microscope images of a cellulose acetate thin film were obtained with an Agilent 

5400 SPM in tapping mode. 

 

2.7 X-ray Photoelectron Spectroscopy (XPS).  

    X-ray Photoelectron Spectra were collected in a Kratos Axis Supra DLD spectrometer, which is 

armed with a monochromatic Al Kα X-ray source at a vacuum of ~ 10-9 mbar. The sample area 

was on the uncoated part of Cu, where after growth only graphene and white dots (carbon clusters) 

existed.  The C1s core spectrum was fitted with six different components: C=C (284.4 eV), C-C 

(285.0 eV), C-O-C/C-OH (286.3 eV), C=O (288.2 eV), O=C-OH (289.0 eV) and π–π* shake-up 

satellite structure characteristic of conjugated systems (290.6 eV). The O1s core spectrum was 

fitted with five components: Cu-O (530.5 eV), C=O/O-C=O (531.7 eV), O-C-O/C-OH (532.8 eV), 

O-C=O (533.6 eV) and chemisorbed oxygen/OH group from adsorbed water molecules (535.4 

eV). 

 

2.8 Field Effect Transistor (FET).  

    Large-area full coverage graphene was transferred to a 300 nm SiO2/Si substrate with a 

previously reported clean graphene transfer method [25]. Graphene was patterned into 10 x 5 µm2 

rectangular by standard photolithography, and 10 nm Cr / 100 nm Au electrodes were deposited 

by sputtering. The devices were annealed in high vacuum at 200°C for 2 hr before measurements 

of the graphene transport properties. The drain-source voltage applied was 0.02 V. 

 

2.9 UV-Vis-NIR Spectroscopy.  



 

    The transmittance of monolayer graphene transferred on a quartz substrate was collected with a 

Varian Cary 5000 spectrophotometer.   

 

2.10 High-performance Transparent Flexible Graphene Heater.  

    The large area continuous as-grown monolayer graphene was transferred to a PET substrate by 

sublimation method [17]. The heating performance of the graphene heater was measured with a 

FLIR C3 compact thermal camera.  

 

3. RESULTS AND DISCUSSION 

3.1 Schematic of Growth Setup.  

    It has long been known that polymers can undergo carbonization and graphitization processes 

under thermal treatment [26-28]. In our previous work, it was demonstrated that cellulose acetate 

could transform into reduced graphene oxide (rGO) after thermal treatment under proper 

conditions [29-31]. However, it is extremely difficult to convert cellulose acetate to graphene 

directly, as the intermediate rGO is thermally very stable. Moreover, when the entire Cu surface is 

covered by cellulose acetate, there are not enough active sites on the Cu to catalyze the 

decomposition of carbon precursors and the formation of graphene crystals [14,18].  It has been 

reported that when the top surface of Cu was fully covered with solid carbon source, graphene can 

be formed on the backside of Cu foil as the solid carbon sources decompose and diffuse to the 

backside [32]. To avoid catalyst deactivation and facilitate the transportation of decomposed 

components of cellulose acetate, we spin-coated half the Cu substrate with the cellulose acetate 

solution, and left the other half uncoated, as shown in Figure 1. The spin-coated cellulose acetate 

showed a porous structure with an average pore diameter ~ 200 nm (Figure S1). During thermal  



 

 

            Figure 1. Schematic of the growth of monolayer graphene from cellulose acetate. 

 

treatment, low molecular weight polymers (LMWPs) and molecular precursors released from the 

pyrolysis of coated cellulose acetate film were carried downstream to the blank copper surface by 

continuous gas flow, aggregated to carbon clusters (seen as the white dots in Figure 1, and the 

SEM images below) driven by hydrogen bonds and van der Waal forces.  The carbon clusters were 

mainly composed of sp3 carbon, oxygen, and hydrogen. Further reactions of carbon clusters with 

H2 molecules led to the deposition of rGO or monolayer graphene on nearby pristine Cu surfaces, 

depending on the reaction conditions. In a typical experiment, we maintained the reaction 

temperature at 1050oC, the reaction time at 20 mins, the H2 flow rate at 5 sccm, the Ar flow rate at 

50 sccm, and the total gas pressure at 1600 Pa. To study the effect of each parameter, controlled 

experiments were conducted. The corresponding experimental conditions are detailed in Table 1 

of the experimental section.  

 

3.2 Effect of Growth Temperature.  

    The pyrolysis of polymers relies heavily on temperature. Cellulose acetate is less thermally 

resistant than cellulose [33] and is therefore a superior raw material for graphene growth. To form 

π-conjugated carbon surfaces, cellulose acetate must undergo carbonization and graphitization. 

Thermogravimetric analysis (TGA) showed that the maximum decomposition rate of cellulose 

acetate was at 365°C with an activation energy of ~190 kJ/mol. The decomposition begins with  



 

 

Figure 2. (a-c) SEM images and (d-f) Raman spectra of as-grown carbon nanomaterials on Cu 

foil at increasing temperatures. Scale bar 1 µm. (g) Transition state theory-based illustration of 

the reaction path from cellulose acetate to rGO and to graphene. 

 

scissoring glycosidic linkages, followed by cracking pyranose rings, evolving to acetic acid [34]. 

Above 700°C, the residue mass was less than 5% [33, 34], indicating that most of the LMWPs 

were released into the environment. Thus, to explore the effect of temperature on the growth of 

carbon nanomaterials from cellulose acetate, we examined the temperature range from 900°C to 

1050°C. Figure 2 shows the SEM images and Raman spectroscopy of the as-grown carbon 

nanomaterials. At 900°C, sparsely distributed black carbon nanomaterials with irregular shapes 

were observed, as can be seen in Figure 2a. A higher magnification image in Figure S2 showed 

that small white dots (~30 nm) randomly spread across the Cu surface. As the growth temperature 

increased to 1020°C, regular quasi-hexagonal shape carbon nanomaterials appeared and the 

average diameter of white dots surged to ~120 nm (Figure 2b). When the growth temperature was 

further elevated to 1050°C, larger domain size regular shaped carbon nanomaterials were formed 



 

(Figure 2c). Most of the domains were interconnected with each other and had a tendency to merge 

together. In addition, the average diameter of white dots grew to ~ 200 nm. EDX spectroscopy 

analysis (Figure S3) showed that the white dots were comprised of carbon and oxygen, which is 

consistent with the EDX data of cellulose acetate in the literature [35].  This indicates that the 

white dots are formed by the LMWPs and molecular precursors released from the pyrolysis of 

upstream cellulose acetate source.  However, it remains unclear whether the carbon in white dots 

was sp2 or sp3 hybridized. To address this issue, XPS analysis was performed on the same sample. 

Figure S4 shows the C 1s and O 1s core spectra. The C=C peak at 284.4 eV is from high quality 

graphene domains. Compared with the C 1s and O 1s core spectra of pure CVD graphene, 

additional prominent C-C, C-O, C=O, O-C=O peaks appeared, which were mainly from oxygen 

containing polymers (seen as the white dots in the SEM images). As the white dots in the SEM 

images were insulating, we can conclude that these dots were comprised of sp3 carbon and multiple 

oxygen containing functional groups such as carboxyl groups, ketone groups and hydroxyl groups 

etc.  

    Figure 2 d–f provides the corresponding Raman spectra of the as-grown carbon nanomaterials 

on Cu substrates. The G-peak demonstrated a redshift with increasing temperatures. At 900°C, the 

carbon nanomaterial was composed of amorphous carbon and graphitized carbon, as shown in 

Figure 2a and d. The small ID/IG ratio indicates the presence of a small fraction of sp3 carbon [36]. 

The graphitized carbon crystalline quality was not sufficient to suppress the D’ peak at ~1620 cm-

1. The G peak in Figure 2d is the sum of the G and D’ peaks [36]. As the temperature increased, 

the carbon nanomaterials transformed from amorphous carbon to rGO and eventually to graphene. 

In the meantime, the graphene domain size grew from nanometers to several microns, and the D’ 

peak was gradually suppressed. As such, the G peak in our Raman spectra shifted from 1605 cm-1 



 

to 1591 cm-1. Moreover, higher temperatures improved the graphene crystalline quality by 

graphitization and recrystallization. The Raman spectrum in Figure 2e was consistent with our 

previously reported Raman spectrum of rGO [29], meaning that most of the sp3 carbon was 

converted to sp2 carbon after the reaction at 1020°C for 20 minutes. Figure 2f shows the monolayer 

graphene spectrum with a small D peak, sharp 2D peak, and high I2D/IG ratio, indicating the high 

quality of the as-grown monolayer graphene domains in Figure 2c. The effect of the temperature 

on the growth processes was twofold: on the one hand, higher temperatures facilitated the pyrolysis 

of cellulose acetate to release more LMWPs, thus providing more carbon sources for rGO and 

graphene growth; on the other hand, higher temperatures supplied enough energy for the reacting 

particles (the LMWPs) to surpass the transition states and form the desired products (rGO or 

graphene) based on the transition-state theory, as illustrated in Figure 2g. For the series reactions:  

LMWP 
𝑟1
→  𝑟𝐺𝑂

𝑟2
→  𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 

reaction rate constant 𝑘1 is given by the following equation, according to the transition-state theory: 

                                                        𝑘1 =
𝑘𝐵𝑇

ℎ
𝑒

−∆𝐺1

‡

𝑅𝑇                                                                      (1) 

where 𝑘𝐵 is the Boltzmann constant, ℎ is the Planck constant, 𝑇 is the reaction temperature, R is 

the universal gas constant, and ∆𝐺1

‡

 is the Gibbs energy of activation in reaction 1.  Similarly, 

                                                       𝑘2 =
𝑘𝐵𝑇

ℎ
𝑒

−∆𝐺2
‡

𝑅𝑇                                                                                (2) 

where ∆𝐺2

‡

 is the Gibbs energy of activation in reaction 2. 

 

When T = 1173.15 K (900°C), 𝑘1 was very small and 𝑘2 was negligible. The energy supplied at 

this temperature converted few LMWPs to rGO, and most of the product left existed in the form 

https://en.wikipedia.org/wiki/Boltzmann_constant
https://en.wikipedia.org/wiki/Planck_constant
https://en.wikipedia.org/wiki/Gibbs_energy
https://en.wikipedia.org/wiki/Gibbs_energy


 

of amorphous carbon, as indicated in Figure 2a and d. No graphene was observed, as 𝑘2  is 

extremely small and reaction 2 did not proceed. As the reaction temperature T increased to 1293.15 

K (1020°C), the energy supplied by this temperature to the reactants was larger than ∆G1

‡

  but 

smaller than ∆𝐺2

‡

. Therefore, 𝑘1 was larger, but 𝑘2 was still negligible. The formation of rGO was 

only observed in the image shown in Figure 2b and e. Finally, when the reaction temperature rose 

to 1323.15 K (1050°C), the energy obtained by the reactants was larger than both ∆𝐺1

‡

 and ∆𝐺2

‡

. As 

such, all the reactants were converted to monolayer graphene domains at 1050°C within 20 

minutes, as displayed in Figure 2c and f. It is worth mentioning that without Cu as the catalyst, a 

much higher temperature is needed to convert polymers to rGO and graphite [37] as the main 

function of the Cu substrate in our reactions was to lower the activation energies (Figure 2g).  

 

3.3 Effect of Growth Time.  

    Chemical vapor deposition graphene growth is a competition process between growth and 

etching [38]. For example, when a pristine Cu substrate was used to grow graphene with a 

continuous flow of methane as the precursor, the graphene growth rate was higher than the etching 

rate initially. As time passed, the graphene domains grew increasingly large, with a lowering 

growth rate induced by catalyst deactivation until the point at which the growth and etching 

reached a dynamic equilibrium and the graphene domain size did not evolve further [38]. However, 

this was not the case when a fixed amount of solid polymers served as the carbon source, as shown 

in Figure 3. In the beginning, some rGO-like carbon nanostructures were formed, as shown in 

Figure 3a and i. Statistical analysis indicated that 90% of the nanostructures had an area of 

0~200,000 nm2, corresponding to a lateral size of 0~447 nm. The corresponding Raman spectrum  



 

 

Figure 3. (a-d) SEM images, (e-h) statistical analysis and (i-l) Raman spectra of as-grown 

carbon nanomaterials on Cu foil with increasing time. Scale bar 2 µm.  

 

(Figure 3i) gave a broad D peak and G peak, suggesting a rGO-like structure. However, no 2D 

peak was observed, which signifies a low level of crystallization of the sp2 carbon. Interestingly, 

the G peak here did not shift as in Figure 2d compared to Raman spectra of graphene, indicating 

that most of the sp3 carbon was converted to sp2 carbon at this stage. As the growth time increased 

to 15 minutes, low-quality rGO transformed into high crystalline mono layer graphene domains 

(Figure 3b), characterized by a small D peak and high I2D/IG ratio (Figure 3j). Figure 3f shows the 

size distribution of these graphene domains with an average area of 637, 244 nm2 (lateral size ~800 

nm). The maximum domain area reached 2, 397, 939 nm2 (lateral size ~ 1.5 µm). The graphene 



 

domain size continued to increase with the growth time and finally reached an average area of 1, 

218, 748 nm2 (lateral size ~1104 nm). The maximum domain area was 2, 314, 553 nm2 (lateral 

size~1521 nm) after 20-minute reaction time (Figure 3c and g). Meanwhile, the graphene domains 

maintained a high crystalline quality, as demonstrated in Figure 3k. However, the reaction reached 

an equilibrium at around 20 minutes. As the time increased, fewer carbon precursors (LMWPs) 

were released from the upstream pyrolysis of cellulose acetate. In line with the deactivation of Cu 

catalyst by as-grown graphene domains, the etching rate beat the growth rate of the graphene 

domains, resulting in heavily etched smaller (average area ~11154 nm2, lateral size ~ 106 nm) high 

crystalline monolayer graphene domains (Figure 3d, h, and l). The absence of a high D peak in 

Figure 3l indicates that the etching of graphene mainly occurred on the edges, rather than on the 

graphene planar surfaces [39]. As time was the only variable in these experiments, it can be 

assumed that the concentration of LMWPs was proportional to the concentration of cellulose 

acetate, which was a constant at the beginning of the reaction. Therefore, the experiments could 

be treated as batch series reactions. The following equations could be derived (please refer to 

support information for details): 

                        𝐶𝐿𝑀𝑊𝑃 = 𝐶𝐿𝑀𝑊𝑃(0)𝑒−𝑘1𝑡                                                                 (3) 

                      
𝑑𝐶𝑟𝐺𝑂

𝑑𝑡
=  𝑘1𝐶𝐿𝑀𝑊𝑃 − 𝑘2𝐶𝑟𝐺𝑂                                                            (4)              

                     
𝑑𝐶𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

𝑑𝑡
=  𝑘2𝐶𝑟𝐺𝑂 − 𝑘3𝐶𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒                                                 (5) 

where 𝐶𝐿𝑀𝑊𝑃 ,  𝐶𝑟𝐺𝑂  and 𝐶𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒  are the concentration of LMWPs, rGO and graphene, 

respectively.  Because T was fixed at 1050°C, 𝑘1 and 𝑘2 were constants, according to equation (1) 

and (2). The change of 𝐶𝐿𝑀𝑊𝑃 ,  𝐶𝑟𝐺𝑂  and 𝐶𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒  with respect to the reaction time 𝑡  could 

therefore be plotted qualitatively, as shown in Figure 4. At first, the pyrolysis of cellulose acetate 



 

released a high concentration of LMWPs, carried by the gas mixture to the pristine Cu surface 

downstream. Within the first 10 minutes of the reaction, the LMWPs converted to rGO, resulting 

in the dramatic decrease of 𝐶𝐿𝑀𝑊𝑃 and increase of 𝐶𝑟𝐺𝑂. At this stage, 𝑟1 ≫  𝑟2 , from 10 to 15 

minutes, as 𝐶𝑟𝐺𝑂 ≫  𝐶𝐿𝑀𝑊𝑃 , 𝑟2 ≫  𝑟1, rGO was rapidly converted to monolayer graphene. From 

15 to 20 minutes, monolayer graphene domains continued to grow larger under the continuous 

supply of carbon  

 

Figure 4. A qualitative plot of the concentration of various species versus reaction time based on 

experimental results.  

 

atoms from nearby carbon clusters. After 20 minutes, the growth rate of graphene was negligible 

compared to the etching rate of graphene. According to equation 5, large graphene domains were 

rapidly etched away, continuously decreasing in size.   

 

 

 



 

3.4 Effect of Hydrogen.  

Hydrogen is an important factor in the CVD growth of graphene and other 2D materials [14, 38, 

40].  In our experiments, hydrogen served four vital roles. Firstly, hydrogen facilitated the pyrolysis 

of cellulose acetate at high temperature to release LMWPs, which served as the original carbon 

source for graphene growth. Figure 5 a–c shows that as the hydrogen flow rate increased, the 

coverage of graphene on the Cu surface expanded. Secondly, hydrogen reacted with LMWPs by 

removing most of the hydroxyl groups, reducing the carbonyl and ketone groups, and promoting 

the graphitization of derived products to form rGO-like carbon nanomaterials (Figure 5 a, e, and 

i). Higher concentrations of hydrogen further converted rGO to high crystalline monolayer 

graphene (Figure 5 b and c). Moreover, hydrogen had an etching effect on graphene [38, 41]. The 

single domain net growth rate of graphene was determined by the difference between the growth 

rate and etching rate [14]. As the hydrogen concentration increased, both the growth rate and 

etching rate rose. However, the etching rate accelerated faster than the growth rate. As such, when 

the hydrogen flow rate increased from 5 to 20 sccm (Figure 5 b–d), the single domain size of 

graphene decreased dramatically from an average lateral size of 1100 to 213 nm (Figure 5 f–h). 

Most of the graphene had been etched away when the hydrogen flow rate increased to 20 sccm. 

From the Raman spectra, the effect of H2 concentration on graphene crystalline qualities could be 

easily deduced. When the H2 flow rate was 1 sccm, small rGO-like dots were formed. The amount  



 

 

Figure 5. (a-d) SEM images, (e-h) statistical analysis and (i-l) Raman spectra of as-grown 

carbon nanomaterials on Cu foil with increasing time. Scale bar 2 µm.  

 

of H2 inside the quartz tube was very low, and most of the H2 was consumed in the pyrolysis of 

cellulose acetate, while the remaining H2 in the gas stream could not convert rGO to graphene. 

The G peak of the corresponding Raman spectrum was upshifted due to the existence of the D’ 

peak and doping from the remaining hydroxyl, ketone and carboxyl groups. When 5 sccm H2 was 

introduced, high crystalline graphene was formed with a small D peak, an apparent G peak, and a 

sharp and tall 2D peak, as shown in Figure 5 j. As the hydrogen flow rate reached 10 sccm, even 

though the graphene coverage was close to 100%, the quality of the graphene deteriorated due to 



 

emerging defects introduced by excessive hydrogen etching, as indicated by Raman spectrum in 

Figure 5 k. The D peak was prominent, and the 2D peak was largely suppressed, indicating the 

presence of some defects in the graphene domains. Eventually, the hydrogen flow rate was raised 

to 20 sccm and graphene nanoplatelets were sparsely distributed on the Cu surface. The 

corresponding Raman spectrum in Figure 5 l showed a giant D peak and a strongly suppressed 2D 

peak. The D peak came partly from the quantum effect, as the graphene nanoplatelets had a 

nanoscale size [42] and partly from the defects on the graphene planar surfaces introduced by a 

high concentration of hydrogen etching. Similarly, hydrogen etching introduced defects but did 

not dope the graphene, as indicated by the constant G peak positions around 1590 cm-1 in Figure 

5 j–l [43, 44].    It’s worth mention that the role of hydrogen in graphene growth is controversial. 

On one hand, hydrogen saturation can stabilize graphene edge and thus promote graphene growth; 

on the other hand, graphene can be etched by hydrogen as a reverse reaction of graphene growth. 

This is a dynamic competitive process and the result heavily depends on the experimental 

conditions [45, 46]. The etching of graphene by hydrogen generally starts from defects or edges 

first as the edge dangling bonds are more reactive [46].  Under proper experimental conditions, 

graphene domain can be etched smaller and smaller without introducing much defects in the central 

area (Figure 3 d, h, i). However, when a high flow rate of H2 was introduced, more defects was 

generated on the graphene domain as indicated by the prominent D peaks on Raman spectra 

(Figure 5 i). The etching effect of H2 can also be affected by many factors, such as temperature 

[45], carbon source concentration [14], cooling rate [47] and so on. For example, Zhang et al 

reported that etching of graphene at 800 °C is most efficient and anisotropic [45].  In summary, the 

role of H2 in graphene growth should be analyzed on a case-by-case basis according to the 

experimental results.  



 

 

When growing graphene with CH4 as the gaseous precursor, it was found that at a low H2 

concentration, the graphene tended to be monolayer with metal passivated edge, but at a higher H2 

concentration, the graphene usually terminated with hydrogen and thus tended to be bilayer or 

multilayer. [41] Besides, it is extremely hard to inhibit the formation of adlayers when growing 

graphene from gaseous precursors and thus growing adlayer-free graphene is becoming a hot spot 

in this field [41, 48, 49]. However, in the experiments with solid cellulose acetate as the original 

carbon source, the as-grown graphene was always monolayer, irrespective of the hydrogen 

concentration. This suggests that the graphene grew from heavier precursors with larger formation 

energy as opposed to from light carbon atoms. Therefore, our method provides a novel robust route 

to grow adlayer-free graphene through a simple procedure.  

 

 

3.5 Effect of Growth Pressure.  

The effect of pressure on the growth of graphene was threefold. (1) Pressure affected the pyrolysis 

of cellulose acetate. A high reaction pressure led to high H2 partial pressure, which facilitated the 

pyrolysis of cellulose acetate and released more carbon source LMWP. (2) Similarly to the CVD 

growth of graphene, high pressure led to more nucleation sites and thus higher domain density. 

Figure 6b shows a higher graphene density than Figure 6a. (3) High pressure promoted both the 

growth and etching rate of the graphene domains. However, the etching rate increased faster than 

the growth rate with increasing pressure. In Figure 6a–c, it can be seen the average lateral size of 

the graphene domains decreased from 1593 to 252 nm as the pressure increased from 800 to 3200 



 

 
Figure 6. (a–c) SEM images, (d–f) statistical analysis and (g–i) Raman spectra of as-grown 

graphene on Cu foil under different pressure. Scale bar 1 µm. 

 

Pa. The Raman spectra (Figure 6g–i) provided qualitative information on the graphene domain 

characteristics. The D peak increased and the I2D/IG ratio decreased, suggesting that the as-grown 

graphene domain quality deteriorated with increasing growth pressure.  As the growth pressure 

was further lowered, a large area of continuous adlayer-free monolayer graphene film was 

obtained, as shown in Figure S5a. Figure S5b gives the representative Raman spectrum. The high 

I2D/IG ratio and absence of D peak suggests a high-quality crystalline structure of as-grown 

monolayer graphene. 

 

 



 

3.6 Effect of Cu grain boundaries.  

Surprisingly, we found that the graphene domains within a ~ 4 µm distance from the Cu grain 

boundary were typically five times larger than those in the center (Figure 7a). This rare 

phenomenon was due to a special mass transfer mode of solid carbon precursors(LMWPs) near 

the Cu grain boundaries. As mentioned above, the pyrolysis of cellulose acetate generated  

Figure 7. (a) SEM image of graphene domains near one Cu grain boundary. (b) SEM image of 

graphene domains near an artificial “Cu grain boundary”.  Scale bar 2 µm. 

 

LMWPs, which were carried by the gas mixture downstream to the pristine copper substrate. In 

polycrystalline Cu, the height difference of the adjacent grains has been reported to be as large as 

hundreds of nanometers [50], which would cause significant backscattering of solid LMWPs and 

their subsequent accumulation on the lower side of grain boundaries. As shown in Figure S6, near 

the grain boundary, there was a ~4 µm wide sharp slope on one side of the ravine. The LMWPs 

mainly accumulated on the top sites of the ravine and could not diffuse into the bottom, resulting 

a lower nucleation density on the slope. In addition, a higher concentration of carbon precursors 

enabled the graphene to grow faster near the lower side of grain boundary than in the center. Both 



 

factors led to much larger domain sizes on one side of the grain boundary, as shown in Figure 7 a. 

However, in the CVD growth of graphene on Cu substrate, no such phenomenon was observed, 

which could be explained by the gaseous precursors such as methane distributed uniformly on the 

Cu surface, regardless of the surface morphology and roughness.  

    

To verify this scattering theory, we manually created height differences by scratching the Cu 

substrate with a blade before the thermal treatment. As expected, the graphene domains next to 

one side of the artificial grain boundary were larger than the graphene domains further away 

(Figure 7b), consistent with the scattering theory. 

 

3.7 Growth Mechanism.  

We have summarized the growth mechanisms in Figure 8 based on previous analysis and 

experimental observations. These processes included two main steps: mass transfer and the 

chemical reactions. The gas mixture flowed into the quartz cylinder at a small constant rate and 

could be treated as laminar flow. At a steady state, H2 molecules were transferred from the main 

body of the H2/Ar mixture to the surface of cellulose acetate coated Cu through the stagnant film 

that formed between them. The cellulose acetate reacted with the H2 molecules and underwent 

carbonization and graphitization to form rGO, H2O vapor, and a small amount of CHx. The 

continuous large area of rGO covered the whole area of the left-half Cu surfaces, as shown in 

Figures 1 and 8, and passivated the Cu catalyst. It thus prohibited further transformation of rGO 

to graphene. Gaseous side products such as H2O and CHx diffused back into the main body of the 

H2/Ar mixture. The LMWPs formed during the pyrolysis of cellulose acetate were carried  



 

 

Figure 8. A schematic shows the evolution process from cellulose acetate to rGO and graphene. 

The detailed derivation process of equation (5) is given in the support information.   

 

downstream to fall randomly on the pristine Cu surface. These LMWPs first aggregated and 

formed carbon clusters, then went through carbonization and graphitization and formed rGO 

islands on the Cu surface. Under the catalysis of Cu atoms, rGO reacted with H2 to remove 

oxygen-containing functional groups and underwent recrystallization and hexagonization to form 

monolayer graphene domains. Side products such as H2O and acetic acetate diffused back to the 

main body of the gas mixture and were exhausted by the pump.  

 

 

 



 

3.8 Field Effect Transistor.  

To inspect the quality of as-shown graphene, we fabricated field-effect-transistor devices using the 

continuous monolayer graphene grown at 100 Pa. Graphene was sonicated in acetone to remove 

the white dots before being transferred onto a 300 nm SiO2/Si substrate following a previous 

reported graphene clean transfer method [25].  The FET configuration is shown in Figure 9a. A 

back gate was applied through bottom heavily doped silicon, and the drain-source current was 

measured via Au electrodes on top of graphene strips. Relatively symmetrical transport curves of  

 

Figure 9. (a) The schematic of graphene FET configuration, graphene strip dimension is 10 µm x 

5 µm. (b) Drain-source current versus gate voltage of five graphene FET device.  

 

drain-source current versus gate voltage were obtained (Figure 9b). The average electron and hole 

mobility extracted from the transport curves of five graphene devices was 1623  cm2/(V·s), and 

1442 cm2/(V·s) (Table S1), respectively, comparable to that of CVD graphene reported in the 

literature [25] and confirms the high quality of the grown graphene. 

 

 



 

 

3.9 Transparent flexible graphene heater.  

To evaluate the quality (continuity and uniformness) of centimeter-scale graphene films grown 

from cellulose acetate, we fabricated transparent flexible graphene heaters. The availability of 

flexible, transparent conducting thin film offers design advances in the fabrication of heaters for 

windshields and high-performance electronics. The conventional metallic resistance heaters are 

very effective in deicing and defogging of windshields, but they face challenges in terms of optical 

performance and cost. Current state-of-the art metallic wire heaters de-ice windshields effectively. 

However, the thickness of a metal wire is in the range of 10–500 μm, obstructs the view and 

therefore achieving the desired optical performance is a challenging task. Indium tin oxide (ITO) 

is a promising material meeting both conductivity and optical requirements, but the material has 

brittle nature, slow thermal response and high manufacturing cost.  

Graphene has been suggested for a candidate material for transparent conductive heaters due to its 

flexible structure and excellent electrical and thermal properties. Graphene has very high thermal 

conductivity (3,000-6,000 W/mK), which assures homogeneous temperature distribution and very 

fast heating rates, while at the same time it highly transparent in a wide spectral range (Figure 

10b). We fabricated graphene-based transparent flexible heaters on PET to demonstrate another  

promising application of the graphene grown from cellulose acetate, as shown in Figure 10a. The 

flexible graphene heater could be bent within a large range of mechanical strain without any 

effect on its heating performance, which is consistent with the literature [51]. When a 15 V 

voltage was applied through the electrodes, the graphene surface center temperature rose 

above50°C in 20 seconds and remained at around 52.5°C (Figure 10c) due to a balance reached 

between heat generation and heat transfer to the environment. 



 

  

Figure 10. (a) An optical image of the graphene/PET flexible heater. The device dimension was 

1 cm x 1 cm. (b) Optical spectrum of monolayer graphene on quartz substrate. (c) A captured 

infrared image of the graphene/PET flexible heater at a sourcing voltage of 15 V. (d) The 

temperature profiles of the graphene/PET flexible heater under different sourcing voltages.  

 

With a lower input voltage, the heat generation rate lowered (Figure 10d) according to the below 

relationship: 

Q ~ P =  
𝑈2

𝑅
 

where Q is the heated generated by the graphene film, P is the input power, 𝑈 is the input voltage, 

and 𝑅 is the graphene sheet resistance. 



 

4. CONCLUSIONS 

    The detailed evolution processes from biomass to graphene and the corresponding mechanisms 

are elucidated in this study for the first time. Different from traditional CVD graphene grown from 

gaseous precursors, solid polymeric carbon sources evolve first from polymers to rGO and then to 

graphene under appropriate conditions. It is more robust and economical to grow monolayer 

graphene from solid polymeric carbon sources compared with from gaseous precursors. The 

effects of various factors (growth temperature, growth time, hydrogen flow rate, growth pressure, 

and Cu grain boundaries) are extensively studied in this research utilizing the transition-state 

theory, a batch series reactions model, and statistical analysis. The growth mechanisms, including 

mass transfer and chemistry reactions, are proposed. Finally, high performance graphene FETs and 

transparent flexible graphene heaters were fabricated and tested, demonstrating the promising 

applications of this green graphene in electronics and electrical devices.  

    The present study details a new method for turning biomass waste into high-value monolayer 

graphene, which has the potential to lower the cost of graphene-based electronic devices, such as 

FETs and transparent flexible heaters. This method also shows promise for the growth of adlayer-

free monolayer graphene, though the graphene domain size must be optimized in future studies.  
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