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� The H atoms in cellulose are the

primary source of H2 production.

� Reducing the concentration of hy-

droxyl radical is beneficial to H2

yield.

� The deoxygenation and dehy-

droxylation of cellulose on Ni sur-

face decrease the CO yield.

� Water would occupy the Ni active

sites and prevent the adsorption of

organic fragments.

� High temperature enables carbon

to permeate into the interior re-

gion of the catalyst.
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a b s t r a c t

Reactive force field (ReaxFF) molecular dynamic simulation was performed to elucidate the

mechanism of Ni-catalysed supercritical water gasification of cellulose considering the

effects of temperature and cellulose to water ratio. Simulations showed that Ni could

decrease the activation energy of CeC and CeO bond cleavage, promoting the depoly-

merisation and ring-opening process of cellulose. The yields of gaseous products increase

with the increasing temperature. H2 yield mainly depends on H free radical number, which

can be generated from cellulose dehydrogenation and water splitting reactions. These two

reactions were promoted on Ni surface, leading to an increase in H2 yield. In the presence

of Ni catalyst, water plays a limited role in providing H free radicals to produce H2, while

the hydrogen atoms in cellulose are the primary source of H2 generation. Meanwhile,

reducing the concentration of �OH could enhance H2 production as the combination of �OH

and H� is a H radical consumption process. Small organic fragments would be absorbed on

the Ni surface, where they undergo deoxygenation via the cleavage of CeO bonds, resulting

in a decrease in CO and CO2 yields. The increase in water mass fraction would promote the

H2 yield as more H radical would be produced due to water splitting reaction. Moreover, the

addition of water would occupy the Ni active sites and prevent the adsorption of organic
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fragments. These dissociative fragments are prone to produce more CO. The carbon

deposition on the Ni surface results in the deactivation of the catalyst. Simulation results

suggested that carbon deposition and permeation increase with increasing temperature. In

contrast, the increase in water mass fraction can favour carbon elimination from the

catalyst surface.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

Biomass is an effective energy carrier, contributing to the

growing demand for clean and everlasting energy sources for

the sustainable development of society. Biomass can be con-

verted to biofuel through biochemical technologies (e.g.,

fermentation and anaerobic digestion) and thermochemical

technologies (e.g., pyrolysis, liquefaction, gasification and

torrefaction) [1]. One of the leading technical barriers to

industrialising biomass-derived energy is the high energy

input of conversion processes, especially for biomass with

high moisture content. Wet bio-feedstocks require energy-

costly drying operation, reducing the efficiency of the energy

conversion process. However, supercritical water gasification

(SCWG) technology may overcome this problem as the wet

biomass can be directly gasified without an energy-intensive

drying step. For high moisture biomass, the energy required

for the drying process is higher than that of heating the water

to a supercritical point. It was reported that the total efficiency

of heat utilisation of biomass SCWG is higher than that of

thermal gasification when the moisture content exceeds 27%

[2]. SCWG of wet biomass can produce H2-rich syngas, which

has a high heating value and can be used as a cleaner alter-

native of fossil fuels.

Biomass gasification is a process that converts feedstock

materials into gaseous products such as syngas at high tem-

perature conditions (above 700 �C), with a controlled amount

of oxygen and/or steam but without combustion. One of the

primary benefits of SCWG technology is associated with the

high-pressure/high-temperature water that is used as the re-

action medium. The physical properties of water drastically

change when the pressure/temperature conditions are above

its critical point. As the reaction medium, supercritical water

(SCW) offers several advantages, such as low viscosity, high

diffusion coefficient, and complete miscibility with varying

organics and gases, thereby enhancing the mass transfer and

reaction rate in the reactor [1,3].

Cellulose is one of the main structural components of

lignocellulose biomass, constituting 40e50 wt% of lignocellu-

losic biomass on a dry weight basis [4]. Moreover, it is reported

that the contribution of cellulose to H2 production during the

gasification process is more than that of hemicellulose and

lignin [5]. Therefore, it is essential to investigate the conversion

mechanism of cellulose during the SCWG process. Extensive

experimental studies on SCWG of cellulose have been carried

out [1,3,6]. Cellulose comprises glucose monomers linked
together by b-1,4 D-glucopyranose bonds, forming strong

intramolecular and intermolecular hydrogen bonds [3]. Cellu-

lose undergoes rapid hydrolysis and decomposes to its

monomer (e.g., glucose) at very short residence times under

elevated pressure/temperature. Then glucose undergoes hy-

drolysis to liquid-phase organic intermediates, followed by the

slower formation of small quantities of stable light gases [7].

Therefore, cellulose is one of the most refractory substances

that are difficult to dissolve in hot water [8], requiring harsh

operating conditions to convert it into biofuel. It is widely

accepted that a higher operating temperature favours the

formation of H2 [1,5]. However, heating the feedstock and

water to supercritical conditions is an energy-consuming

process. Lowering the reaction temperature of SCWG and

improving the conversion efficiency are essential for promot-

ing the commercial utilisation of SCWG.

The use of catalysts in SCWG is one of the most promising

approaches to improve the gas yield while minimising the

heat requirements, which can reduce the operating costs of

the process [9]. Nickel-based catalyst is one of the most

effective transition metal catalysts in biomass gasification for

improving the gas yield and preventing the formation of tar

(heavy hydrocarbons produced during SCWG, which can

contaminate equipment and lead to increased maintenance

costs) [10]. Extensive studies have been carried out to inves-

tigate the catalytic effect of Ni on the gaseous product yield in

the biomass SCWG process [9,10]. It is widely accepted that Ni

could effectively promote water gas shift reaction and steam

reforming reaction [11,12], which are the two main reactions

occurred in SCWG to produce hydrogen. Nickel (Ni) is known

for its tendency to catalyse the cleavage of CeC, CeO, and

OeH bonds [13,14], which promotes the formation of various

carbonaceous products. The cracking products can be effec-

tively dehydrogenated to produce more hydrogen [15]. Kumar

and Reddy [16] investigated the impacts of Ni, Ru, and Fe on

the gas yield during SCWG of banana pseudo-stem. The re-

sults showed that Ni has the highest activity in H2 generation.

Ruppert et al. [14] studied the thermochemical conversion of

cellulose for hydrogen production with Ni/ZrO2. They

considered that the organic intermediates probably undergo

dehydrogenation on the metal surface, hence increasing H2

yield. The cleavage of CeC and CeO bonds can occur to form

various carbonaceous products. However, the proposed

mechanisms were primarily based on the analysis of products

detected during the SCWG process. Detailed structural

changes at the molecular level, such as radicals and in-

termediates in cellulose dissociation and steam reaction, can
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hardly be captured through experimental methods. The exact

mechanism of Ni catalytic thermal decomposition of cellulose

has not been fully understood and further investigation is

needed.

Molecular dynamics (MD) simulation provides an oppor-

tunity to investigate the underlying mechanisms of catalytic

SCWG of biomass at an atomic level. MD with ReaxFF can

simulate the cleavage and forming of chemical bonds to

identify elementary pathways. ReaxFF MD simulations were

adopted to study the SCWG of lignin [17e20]. The structural

evolution of lignin and the chemical reactions of forming

CO, CO2, CH4, and H2 were obtained. Zhang et al. [21] con-

ducted a molecular study on SCWG of glucose under mi-

crowave heating. They found that the external electric fields

promote glucose decomposition to produce formaldehyde

and hydrogen-free radicals, increasing H2 yield. The ReaxFF

approach has been successfully employed to study the

SCWG of biomass catalysed by the metal catalyst. The work

of Monti et al. [22] showed that the ReaxFF approach

was able to obtain an atomic-level characterisation of the

crucial steps of the adsorption of the lignin molecules on

the Palladium catalyst, including their fragmentation and

desorption. The SCWG of lignin with Pt and Ni nanoparticles

was studied by using ReaxFF simulation [23]. It was found

that the Pt and Ni reduce the degradation temperature,

accelerating the aromatic ring-opening process. The ReaxFF

simulation study of Fe-catalysed SCWG of lignin revealed

that Fe iron with a low oxidation state contributes to the

formation of CO, while iron with a high oxidation state was

beneficial to increasing CO2 yield [24]. The evolution of the

lignin decomposition catalysed by Ni was investigated with

ReaxFF simulation [25]. The results indicated that Ni could

potentially accelerate the scission of CeO bonds and destroy

the conjugated p bond of the aromatic ring during the ring-

opening process. The generation process of H2 molecules

occurring on the Ni surface was presented. The thermal

stability of carboxymethyl cellulose on the Fe2O3 surface

was studied by Saha et al. [26]. It was found that cellulose

can be adsorbed on the metal surface via the formation of

bonds between Fe and oxygen atoms. The chemisorption

would bulge the Fe slightly out of the Fe2O3 surface.

Although significant experimental work has been per-

formed on Ni catalytic SCWG of biomass, there is a lack of

detailed understanding on the chemical processes involved

at the molecular level. Further fundamental modelling

studies are required to deepen the understanding of the cat-

alytic and micro reaction degradation mechanisms during

the SCWG process. This could provide a basis for optimising

operating conditions and developing high-efficiency cata-

lysts, thereby promoting the utilisation of SCWG technology.

To the best of our knowledge, the ReaxFF simulation of Ni

catalysed SCWG of cellulose has not been carried out. This

study investigated the effect of Ni on cellulose depolymer-

isation and ring-opening process. The effects of temperature

and cellulose-to-water mass ratio (C/W) on gaseous products

were investigated. The detailed gaseous product generation

pathways were analysed. Besides, the influence of tempera-

ture and C/W on carbon deposition behaviour on Ni nano-

particle (NiNP) was investigated.
Modelling methodology

Computational method

All MD simulations in this work were conducted using the

ReaxFF force field [27]. The description of connectivity-

dependent interactions in the ReaxFF force field is based on

bond order formalism. Bond order is determined by inter-

atomic distance using an empirical formula, including con-

tributions from s, p and pp bonds. The chemical reactions

during the time intervals can be analysed based on the

interatomic potential and the bond order. Nonbonded in-

teractions, such as Coulomb and van der Waals interaction,

are calculated independently. The charge equilibration (QEq)

method adjusts the partial charge on individual atoms. The

following equation calculates the energy of each particle:

Esystem¼Ebondþ Eoverþ Eunderþ Elpþ Evalþ Etor

þ EvdWaalsþ Ecoulomb (1)

where Ebond, Eover, Eunder, Elp, Eval, Etor, EvdWaals, and Ecoulomb stand

for bond energy, overcoordination energy penalty, under-

coordination stability, lone pair energy, three-body valence

angle energy, four-body torsional angle energy, van derWaals

energy, and Coulomb energy, respectively. In this study, the C/

H/O/Ni parameter set [28,29] developed for modelling hydro-

carbon chemistry catalysed by Ni was adopted to study the

cellulose SCWG catalysed by Ni nanocatalysts. The verifica-

tion of the adopted force field was carried out in our previous

work [30].

Model construction and simulation setup procedures

Cellulose (C6H10O5)n is a polysaccharide consisting of a linear

chain of several hundred to many thousands of b-1,4 linked D-

glucopyranose units. Fig. 1 shows the model used in the MD

simulations. The model construction starts with a monomer,

and the unimolecular D-glucopyranose was built and optimised

using the Materials Studio [31] Forcite module. Ten D-gluco-

pyranose monomers were connected to form a polymer, as

shown in Fig. 1(c). Face-centred cubic lattice of NiNP was

created on a web-based crystallographic tool [32]. The mini-

mum surface energy of corresponding Miller indices of (111),

(100) and (110) was adopted from the work of Chen et al. [30].

The melting temperature of NiNP depends on its size, and the

melting temperature decreases with decreasing radius of NiNP.

The melting temperature of 3 nm NiNP simulated with the

ReaxFF force field is around 1700 K [30], which is lower than the

simulation temperature (1800 K~2200 K) in this study. The

simulatedmelting temperature of 4.0 nmNiNP is around 2000 K

by using the same ReaxFF force field [30]. Although the 4.0 nm

NiNP would melt to some degree when the temperature is

above 2000K, the NiNP still keeps a spherical shape. Therefore,

NiNP with a diameter of 4.0 nm was adopted to maintain the

integrity of NiNP during the simulation in this study.

Eight reaction systems S1eS8 were built to investigate the

Ni catalytic SCWG of cellulose, as listed in Table 1. Different

cellulose molecule numbers have been tested to eliminate the

effect of atomnumber on the simulation results. Ten cellulose
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Fig. 1 eMDsimulationmodel: (a) Structural formulaofcellulose; (b) D-glucopyranosemolecule; (c)Constructedcellulosestructure

with ten b-1,4 linked D-glucopyranoseunits; (d) Snapshot of noncatalytic SCWGof cellulose at 100 ps; (e) Snapshot ofNi catalytic

SCWG of cellulose at 100 ps, where NiNP was fixed in the centre with water and cellulose molecules distributed around.
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molecules were adopted to ensure the validity of simulation

results. To observe the reactions that occur on the Ni surface,

the catalyst to biomass ratio considered is relatively high.

Cases S1eS6 are used to study the effects of temperature and

catalyst on the SCWG of cellulose. Cases S5, S7, and S8 are

used to study the effect of cellulose-to-water mass ratio (C/W)

on the catalytic SCWG of cellulose. The system pressure

would affect the yield of gaseous products. An increase in

pressure will shift the methanation reactions (COþ 3H24

CH4 þH2O, CO2 þ 4H24CH4 þ 2H2O) to the right, thereby

enhancing the formation of CH4 [1]. Therefore, the simulation

box dimensions were adjusted to keep the same pressure in

systems S7 and S8 with varying water molecules.

Sorensen and Voter [33] pointed out that an elevated

temperature could accelerate the reaction process and thus

significantly extend the simulation time scale, which has

become a familiar and effective strategy in ReaxFF MD simu-

lation [24,34]. For reaction rates described by the Arrhenius
Table 1 e Detailed simulation cases for the studied systems of

Cases Cellulose molecules Water molecules C/W

S1 10 600 3:2

S2 10 600 3:2

S3 10 600 3:2

S4 10 600 3:2

S5 10 600 3:2

S6 10 600 3:2

S7 10 900 3:3

S8 10 300 3:1

a C/W is the cellulose-to-water mass ratio.
equation, increasing the temperature would increase the re-

action rates but not the activation energy barrier. Salmon et al.

[35] studied coal pyrolysis using ReaxFF simulation at an

elevated temperature. They compared the simulated product

distribution with experimental results and concluded that

elevated temperature did not influence the reaction pathways

during coal pyrolysis. Accordingly, elevated reaction temper-

atures were chosen in this work to study the catalytic mech-

anism of Ni during the SCWG of cellulose.

Initial configurations of all models were built by using

Packmol [36]. Cellulose and water molecules are distributed

randomly into the cubic box, and the box dimensions are lis-

ted in Table 1. In catalytic SCWG (e.g., cases S4eS8), NiNP was

fixed in the centre of the unit cell and water and cellulose

molecules are distributed around, as shown in Fig. 1(e). After

system energy minimisation, the simulation cell was relaxed

at 300 K for 20 ps. Subsequently, the equilibrated system was

heated to the final reaction temperature with a heating rate of
Ni catalytic SCWG of cellulose.
a Catalyst Temperature Box dimensions (�A)

e 1800 K 90 � 90 � 90

e 2000 K 90 � 90 � 90

e 2200 K 90 � 90 � 90

NiNP 1800 K 90 � 90 � 90

NiNP 2000 K 90 � 90 � 90

NiNP 2200 K 90 � 90 � 90

NiNP 2000 K 98 � 98 � 98

NiNP 2000 K 85 � 85 � 85
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15 K/ps. Then, the simulations would last at the target tem-

perature for 2 ns. All simulations were performed using an

isochoric-isothermal NVT (fixed atom numbers, volume, and

temperature) ensemble. A time step of 0.25 fs was assigned.

The trajectories and species information were outputted

every 100 steps. The linear and angular momentum of NiNP

was zeroed every 10 timesteps.

The periodic boundary condition was applied in all di-

rections. The initial velocities for all atoms were generated

randomly following the Maxwell-Boltzmann distribution.

Nos�e-Hoover thermostat and barostat were adopted to control

the system temperature and pressure with a temperature and

pressure damping constant equal to 100 times and 1000 times

of the time step, respectively. A bond order of 0.3 was

employed to identify chemical bonds between pairs of atoms

[28,30]. All simulations were repeated three times with

different initial configurations and velocity distributions. The

ReaxFF MD simulations were performed with the REAXC

package [37] in the Large-scale Atomic/Molecular Massively

Parallel Simulation (LAMMPS) [38].
Results and discussion

The effect of Ni on the depolymerisation and ring-opening
process of cellulose

The first step in cellulose conversion involves its depolymer-

isation to oligomers or D-glucopyranose [4], which undergoes

hydrolysis to form liquid-phase organic intermediates via

scission of CeC and CeO bonds. Guo et al. [9] established the

mechanism of Ru catalytic gasification of D-glucopyranose.

Hydroxyl groups are adsorbed to the catalytic Ru surface

predominantly through oxygen atoms. The reactant un-

dergoes dehydrogenation on the catalyst surface, followed by

subsequent cleavage of CeC or CeO bonds, which results in

syngas production. However, the detailed adsorption and

degradation process on catalyst surfaces are not readily

accessible by experiments.

The depolymerisation and ring-opening percentage of

cellulose during the heating period in cases S2 and S5 are

shown in Fig. 2(a) and (b). The depolymerisation and ring-

opening percentage are computed by the following equations:
Fig. 2 e (a) The depolymerisation and (b) ring-opening percentag

the colour gradient (from blue to red) in the background represe

and CeO bonds during the ring-opening process in cases S2 an

this figure legend, the reader is referred to the Web version of t
Depolymerisation percentage¼
Cleavage of b� 1;4 linkage

Initial number of b� 1;4 linkage
� 100

�
%

�
(2)

Ring � opening percentage ¼ Number of opened ring
Initial number of ring

� 100 ð%Þ
(3)

It can be seen thatNi could accelerate the depolymerisation

and ring-opening process of cellulose. The depolymerisation

and ring-opening occur at around 75 ps in the absence of Ni

catalyst, and almost all b-1,4 linkages are cracked after 125 ps.

While the start points of b-1,4 linkage cleavage and ring-

opening are around at 50 ps in the presence of Ni catalyst,

these processeswere completed after 100 ps. The results show

that decomposition of cellulose can occur at a lower temper-

ature, which helps reduce the cost of biomass SCWG. The two

cases show a similar onset time and evolution trend in depo-

lymerisation and ring-opening processes, demonstrating that

the ring-opening takes place immediately after cellulose is

depolymerised intomonomers. This is because the cleavage of

b-1,4 linkage would lead to the structural instability of the

corresponding monomer, resulting in the ring-opening of D-

glucopyranose.

The ring-opening of the D-glucopyranose monomer can be

achieved by the cleavage of the CeC or CeO bond. Fig. 2(c)

shows the cleavage percentage of different types of bonds.

Around 64% of rings were opened by the cleavage of the CeO

bond in the absence of Ni, while this figure increases to 70%

when Ni was added. This result suggests that more rings of D-

glucopyranose tend to be opened via the cleavage of the CeO

bond under the effect of Ni catalyst.

Both high temperature and catalyst would promote bond

breaking. The energy of atoms increases with increasing tem-

perature, and the bonds between the atoms become more un-

stable and eventually break. Catalysts make this process more

efficient by lowering the activation energy. If an atom forms a

chemical bond with Ni atoms, the cleavage of other chemical

bonds connected to this atom will take place. The cracking of

suchbonds isconsideredascatalytic cleavageandtheothersare

considered as thermal cleavage. The thermal cleavage and

catalytic cleavage of bonds during depolymerisation and ring-
e of cellulose during the heating period in cases S2 and S5,

nts increasing temperature; (c) Cleavage percentage of CeC

d S5. (For interpretation of the references to color/colour in

his article.)
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Fig. 3 e Thermal bond cleavage and catalytic bond cleavage during (a) depolymerisation and (b) ring-opening process in case

S5. The percentage represents the proportion of two types of cleavage. Black dash lines represent the bond cleavage sites.
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opening process in catalytic SCWG (case S5) are shown in Fig. 3.

It can be seen that 87%and 88%of bondbreakings take place via

thermal cleavage during depolymerisation and ring-opening

process, respectively. Thermal cleavage of bond plays a domi-

nant role in the bond-breaking process. Therefore, depolymer-

isation and ring-opening rate in noncatalytic and catalytic

SCWG are similar after 100 ps, when the temperature of the

system reaches a certain value, as shown in Fig. 2.

As the skeleton of organic matters, the dissociation ki-

netics of CeC and CeO bonds play a vital role in cellulose

decomposition. The decomposition reactions of D-glucopyr-

anose were considered to be first-order reactions [39]. Initial

and equilibrium numbers of CeC and CeO bonds can be used

to calculate the activation energy of the corresponding bond

[40,41]. The reaction rate constant, K, is determined by the

following equation [40]:

lnN0 � lnNteq ¼ Kteq (4)
0.44 0.46 0.48 0.50 0.52 0.54 0.56
19.5

20.0

20.5

21.0

21.5

ln
(k

) 
(s

-1
)

1000/T (K-1)

R2=0.99

Ea=24.02 kJ/mol

R2=0.98

Ea=25.33 kJ/mol

 Noncatalystic

 Ni-catalystic

 Linear Fit Noncatalystic

 Linear Fit Ni-catalystic

C-C 

(a)

Fig. 4 e Temperature-dependent dissociation rates (k) of CeC an

the coefficient of determination).
where N0 and Nteq are the numbers of CeC or CeO bonds at

initial and equilibrium stages. The reaction rates are analysed

by the Arrhenius equation:

K¼Aexp

�
�Ea

RT

�
(5)

where R is the universal gas constant. The activation energy

(Ea) and the pre-exponential factor (A) in Eq. (5) are calculated

by linear fitting. Fig. 4 shows the change in the activation

energy of CeC and CeO bonds in the absence and presence of

a catalyst. The activation energy of the CeC bond is 25.33 kJ/

mol without catalyst, and this figure decreases to 24.02 kJ/mol

when Ni catalyst is added. Activation energies for CeO bonds

without and with Ni are calculated as 24.95 and 22.97 kJ/mol,

respectively. It can be seen that the activation energy of CeO

bonds is lower than that of CeC bonds. Thereby, the ring-

opening of D-glucopyranose monomers is prone to take

place via the cleavage of CeO bonds. Moreover, the activation
0.44 0.46 0.48 0.50 0.52 0.54 0.56
19.0

19.5

20.0

20.5

21.0

21.5

22.0

22.5

 Noncatalystic

 Ni-catalystic

 Linear Fit Noncatalystic

 Linear Fit Ni-catalysticln
(k

) 
(s

-1
)

1000/T (K-1)

R2=0.98

Ea=22.97 kJ/mol

R2=0.99

Ea=24.98 kJ/mol

C-O 

(b)

d CeO bonds during the SCWG processes of cellulose (R2 is
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Fig. 5 e Time evolution of the total number of H2, CO, and

CO2 molecules at different temperatures during SCWG of

cellulose with and without Ni catalyst.
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energy reduction of CeO bonds (1.98 kJ/mol) under the effect

of catalyst is more significant than that of CeC bonds (1.31 kJ/

mol), demonstrating Ni is more efficient in the cleavage of the

CeO bond than the CeC bond. Consequently, the proportion

of CeO cleavage increases when Ni is added during the ring-

opening process, as shown in Fig. 2(c). It has been reported

that cellulose is easier to gasify than lignin in the presence of

Ni catalyst [42], which can be explained by the structural dif-

ferences between cellulose and lignin because there are more

CeO bonds in cellulose molecules than in lignin.

The effect of Ni on the gaseous product yield

Fig. 5 shows the time evolution of the total number of H2, CO,

and CO2 molecules at different temperatures during SCWG of

cellulose in the absence and presence of Ni catalyst. Tem-

perature is one of the most dominant parameters that affect

the gaseous product yield, especially when the reaction oc-

curs without a catalyst [1]. Generally, the gaseous produce

yield increases with an increase in reaction temperature as

high temperatures favour the scission of CeC and CeO

bonds. The simulation results show that H2 yield increases

with increasing temperature, which is consistent with the

experimental results [43]. The free radical reactions in water

are believed to be temperature-dependent. When the
conditions are above the critical point of water, free radical

reactions dominate over ionic reactions [3]. Therefore, water

splitting at higher temperature generates more H free radi-

cals. In addition to water splitting reaction, biomass dehy-

drogenation reaction would also be enhanced at high

temperatures [44]. The increase of H free radical number

leads to the increase in H2 yield, which will be discussed

subsequently.

Ni catalyst will significantly increase the yield of H2, as

shown in Fig. 5. The H2 generation pathways were analysed to

explore the effect of Ni on the H2 production mechanism. The

generation of H2 is mainly through the following three

pathways:

① R-HþH�/R� þH2

② H2OþH�/H2 þ �OH
③ H� þH�/H2

where pathway ①: hydrogen transfer reactions, where H

radical interacts with the H atoms in cellulose to produce H2

[17,45]; pathway ②: H radical interacts with water to produce

H2 and OH at elevated temperature [17,46]; pathway ③: H

radical termination reaction, where two H radicals interact

with each to produce H2 [17,45]. R is the abbreviation for any

other groups.

The occurrence frequency and proportion of pathways

①-③ during SCWG of cellulose in the absence and presence of

Ni catalyst are presented in Fig. 6(a) and Fig. 6(b), respectively.

The results suggest that pathway ① plays a dominant role in

the H2 generation in the absence of Ni catalyst, especially at

relatively low temperatures. It can be seen that around 68% of

H2 was produced via pathway ① in 1800 K. Only a few H2

molecules were generated through pathway ③ without Ni

catalyst. However, pathway ③ becomes the main H2 genera-

tion path with the addition of Ni catalyst. More than 70% of H2

molecules were generated via pathway ③, and this figure

reached 82% in 1800 K. This is because a large number of H free

radicals would be generated by the water splitting and cellu-

lose dehydrogenation reactions on the Ni surface. Increasing

the concentration of H free radical enhances the occurrence

frequency of pathway ③. Meanwhile, the frequency of all

three pathways increases with increasing temperature, and

the increase of pathway ② is the most significant. Therefore,

the proportion of pathway ② increases with increasing reac-

tion temperature, as shown in Fig. 6(b).

The yield of H2 is closely related to the number of H free

radicals. The generation paths of H free radicalswere analysed

to investigate the effect of Ni on H2 yield. The H radicals could

be produced from the water splitting and cellulose dehydro-

genation reactions, as listed in the following pathways:

④ H2O4�OHþH�

⑤ R-O-H4R-O� þH�

⑥ R-C-H4R-C� þH�

where pathway ④: free radical reaction of water, where H2O

splits into H� and �OH or the radicals recombine into H2O at

elevated temperature [3]; pathway ⑤ and pathway ⑥: dehy-

drogenation reaction of cellulose, where the H atom connects

to or disconnects from oxygen and carbon atoms respectively

[41]. Due to the high activity of free radicals, the reaction

pathways ④-⑥ are reversible.

https://doi.org/10.1016/j.ijhydene.2022.09.202
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Fig. 6 e The (a) frequency and (b) proportion of H2 generation pathways ①-③ in the absence and presence of Ni catalyst
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Fig. 7(a) shows the frequency differences of forward and

reverse reaction of pathway④-⑥ in cases S2 and S5. It should

be noted that the frequency of reverse reaction could be

higher than that of the forward reaction, which is because the

reactants involved in the reverse reaction could be produced

from other reactions. For example, �OH could be generated

from pathway ④, while it can also be produced from the

cleavage of the CeO bond in cellulose (e.g., R�OH/R� þ �OH).

The cleavage of b-1,4 linkage and CeO bond in D-glucopyr-

anose would produce R�O� that involved in the reverse re-

action of pathway ⑤. The increase in these reactant

concentrations would shift the reactions into the reverse di-

rection. The results show that the H free radicals mainly come

from the dehydrogenation reaction of H atoms connected to C

atoms, e.g., pathway ⑥. The H radicals generated from

pathway ⑥ increase with the addition of Ni, which can be
attributed to the promotion effect of Ni on CeH bond cleavage

[47].

Although the water splitting reaction would produce H

radicals, the �OH generated from water and cellulose would

consume H radicals to form water simultaneously. The fre-

quency of pathway ④ reverse reaction is higher than that of

the forward reaction, leading to an increase in water molecule

number. This is due to the structural features of cellulose,

which has a large number of hydroxy groups. The increase in
�OH concentration shifts the reaction of pathway ④ to the

reverse direction, especially with the addition of Ni catalyst,

since Ni could promote the scission of CeO bonds to produce

more �OH.

Experimental results suggested that one of the roles of

water in SCWG is being a source of hydrogen and free radicals

[3]. However, quantitative information on such effect is

https://doi.org/10.1016/j.ijhydene.2022.09.202
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difficult to obtain through experimental approaches. In

ReaxFF MD simulation, the role of water in producing

hydrogen and free radicals can be identified by tracing the

evolution of the original water (the water that was added to

the system in the initial stage). Fig. 7(b) indicates the total

water molecule number and the source of O atom in water in

cases S2 and S5. Although it was observed that the frequencies

of forward and reverse reaction of pathway ④ are high,

especially on Ni surface, only a small part of the original water

split into H� and �OH in the end, as indicated by the red line in

Fig. 7(b). The results indicate that only a limited number of H

radicals produced from pathway ④ forward reaction could be

the source of H2 generation. Moreover, Ni could promote the

splitting reaction of water, and the reduction of original water

in the presence of Ni is more significant. The increased water

in two cases is ascribed to the combination of H radicals and

hydroxy groups dissociated from cellulose since the oxygen

atom in increased water mainly comes from cellulose, as

indicated by the violet line in Fig. 7(b). The increase of total

water molecule number in Ni catalytic SCWG is more signifi-

cant than in noncatalytic SCWG as Ni could promote the

cleavage of CeO bond to produce more hydroxy groups. It can

be deduced that water plays a limited role in providing H free

radicals to produce H2, while the hydrogen atoms in cellulose

are the primary source of H2 generation.

A schematic diagram of H2 generation pathways during the

noncatalytic and Ni-catalytic SCWG of cellulose is shown in

Fig. 8. In the absence of a catalyst, H free radicals would be

generated via dehydrogenation of cellulose, and a small

amount of water would also be split into H free radicals and
�OH. H radicals generate H2 through pathways ①-③, where

pathway① plays a leading role, followed by pathway②. In the

presence of Ni catalyst, the decomposed molecular fragments
Fig. 8 e Schematic diagram of H2 generation pathways du
and water would be adsorbed on the Ni surface, where the

scission of the CeH and OeH bonds is enhanced to produce a

large number of H radicals. H radicals undergo radical termi-

nation reactions to produce H2 (pathway③), which dominates

the H2 generation. Meanwhile, the generated �OH would

consume H radicals to form water. In the absence of catalyst,

mainly comes from pathway ②. Nevertheless, cellulose also

produces some �OH on the Ni surface via the cleavage of CeO

bonds when Ni is added. The �OH generated through serval

pathways would consume a relatively large amount of H

radicals, leading to an increase in H2O molecule number. It

can be found that the generation of H2O is an H radical con-

sumption process. The concentration of H radicals would in-

crease if the number of �OH in the reacting system can be

suppressed, thereby increasing the yield of H2.

It can be seen in Fig. 5 that the yield of CO is enhanced at

elevated temperature in the absence of a catalyst, which is

consistent with the experimental results [48]. The elevated

temperature would promote the cleavage of CeC bonds,

thereby enhancing the yield of gaseous products. CO yield

decreased significantly when the catalyst was added. Yoshida

et al. [42] attributed the reduction of CO to the enhancement of

water-gas shift reaction (COþH2O/CO2 þH2), and the

disproportionation of carbon monoxide adsorbed on the

catalyst surface (2CO/CO2 þ C). However, this study found

that the molecular fragments produced by cellulose dissocia-

tion would be adsorbed on the catalyst surface [30]. The CeO

bonds would be cracked under the catalytic effect of Ni, as

shown in Fig. 9(a). Oxygen atoms that might be used to

generate CO are prone to be detached from organic fragments

to produce water by interacting with H radicals. It is demon-

strated that thedeoxygenationanddehydroxylationof organic

fragments on Ni surface are themain reason for CO reduction.
ring noncatalytic and Ni-catalytic SCWG of cellulose.
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Fig. 9 e (a) The cleavage of CeO bonds on the Ni surface; (b) The primary generation process of CO2. Dash lines represent the

bond cleavage sites.

Fig. 10 e Time evolution of H2, CO, and CO2 yields under

different C/W conditions during Ni-catalytic SCWG of

cellulose (cases S8, S5, and S7).
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There was a slight change in the yield of CO2 when the

temperature increased, as shown in Fig. 5, which is ascribed

to the structural features of cellulose. The carbon atom

connected with two oxygen atoms is the primary source of

CO2, as illustrated in Fig. 9(b). There are a small number of

b-1,4 linkage in cellulose; thus, the yield of CO2 is lower than

H2 and CO [49]. Consequently, the effects of temperature

and catalyst on CO2 production are weaker than those on H2

and CO.

The effect of C/W on gaseous product yield

Fig. 10 presents the yields of H2, CO, and CO2 under different C/

Wat 2000 K. TheH2 yield increases slightlywith the increasing

number of water molecules, which is consistent with experi-

mental results [23]. Increasing the water molecule number

favours the forward reaction of pathway ④, leading to an in-

crease in H radical number, as shown in Fig. 11(a). In the

presence of Ni catalyst, a large number of H radicals would be

generated via water splitting and cellulose dehydrogenation

reactions on the Ni surface. Then H radicals are continuously

consumed to produce H2 and H2O. A high concentration of H

radicals contributes to the formation of H2.

Typically, water and small organic fragments would be

adsorbed on metal catalyst [50], as shown in Fig. 11(b). It was

observed that the addition of water occupies a part of the

active sites on the catalyst surface, which weakens the

adsorption capacity of the catalyst to organic fragments [23].

When most of the active sites of the Ni catalyst are occupied

by water or hydroxyl group, the small dissociative fragments

outside Ni surface will generate CO via the cleavage of CeC

https://doi.org/10.1016/j.ijhydene.2022.09.202
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Fig. 11 e (a) Time evolution of H radical number under different C/W conditions; (b) Snapshots of surface conditions of Ni

catalyst, where the adsorption of small organic fragments and water on Ni active sites are highlighted on the right.
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bonds. Therefore, the yield of CO increases with the addition

of water, as shown in Fig. 10. The influence of C/W on CO2

production is negligible since CO2 mainly comes from the

carbon that is connected to the two oxygen atoms, and the

production of CO2 is relatively low as stated before.

Carbon deposition on Ni catalyst

Deactivation of catalysts is unavoidable in the catalytic SCWG

reactionprocess. Carbon/cokedepositiononcatalyst surface is

regarded as onemain problem for the deactivation of Ni-based

catalysts [51]. To investigate the carbon deposition and

permeation behaviour in SCWG of cellulose, the carbon

deposition and permeation on Ni surface under different

temperatures and C/W were analysed. The block of NiNP was

divided into three zones (inside the spherical shell) according

to different radii, as illustrated in Fig. 12(a). Carbon deposition

rate is determined by the number of carbon atoms in different

zones. Fig. 12(b) shows carbon migration on the catalytic sur-

face and in catalyst pores. There are a small number of carbon

atoms inZone 3 at 100 ps, and then the carbonatomspermeate

into the inside of NiNP at 250 ps. The evolution of carbon

number in different zones under varying temperatures is

presented in Fig. 12(d). The results show that carbon atoms

infiltrate into Ni over time, and there is no noticeable differ-

ence in the total number of carbon when reaching an equilib-

rium state. However, the difference in the deposition rates

under varying temperatures is appreciable. A small number of

carbon atoms can be detected in Zone 2 at 250 ps when the

temperature is 1800 K. With the increase in temperature, car-

bonwould reachZone2at anearlier time, at around150ps.The

time instants for carbon reaching Zone 1 at 1800 K, 2000 K, and

2200 K are around 375 ps, 180 ps, and 130 ps, respectively. The

results indicate that the permeation rate of carbon increases

with increasing temperature. Nevertheless, the number of

carbonmolecules at the equilibrium state in different zones is

roughly the same, which suggests that temperature has a

negligible impact on the degree of carbon permeation.
To uncover the carbon permeation mechanism on NiNP at

different temperatures, the atomic order of Ni atoms was

analysed. Steinhardt's bond orientational order parameters Ql

(where l can take an integer value between 0 and infinity) [52]

were used to explore the local atomic environment. These

order parameters are mathematically defined based on

certain rotationally invariant combinations of spherical har-

monics calculated between atoms and their nearest neigh-

bours, providing information about local atom environments.

Ql has been used for various purposes, such as the structure

identification of solid and liquid systems [53]. Commonly Q6 is

used in the identification of cubic lattice structure. All the

particles in a perfect ordered structure have the same value of

Q6. As a results, Q6 values can be used to determine whether

an ordered structure is beginning to turn into a disordered

structure. Therefore, Q6 was adopted to characterise the

atomic order of NiNP, which was built as a face-centred cubic

lattice structure in this study. The magnitude of Q6 is large

when the Ni atoms are ordered and small when the Ni atoms

are disordered.

Fig. 12(c) shows the sectional view of NiNP atomic Q6 values

at different times. The internal atoms of NiNP are in an or-

dered state in the initial stage and then in transition to a

disordered state over time. The evolution of averaged atomic

Q6 of Ni atoms in different zones is presented in Fig. 12(e). The

equilibrium Q6 values decrease with increasing temperature.

The position of atoms in the outermost shell (e.g., Zone 3)

shifted first, and then the order degree of internal atoms

decreased over time as heat was transferred to the interior

region. The Q6 values in Zone 2 and Zone 1 decreased more

slowly under lower temperatures. For example, the Q6 value in

Zone 1 at 2200 K decreases significantly at around 125 ps,

while the time instant for Q6 dramatical reduction at 1800 K is

about 310 ps. The decrease in Q6 value represents that the

crystal structure of NiNP is destroyed, and there is a relatively

large displacement between Ni atoms. It is easier for carbon

atoms to infiltrate into the NiNP when the displacement be-

tween Ni atoms becomes larger.

https://doi.org/10.1016/j.ijhydene.2022.09.202
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Fig. 12 e (a) The division method of NiNP in different zones; (b) The sectional view of the carbon migration process in NiNP;

(c) The sectional view of atomic Q6 values of NiNP; (d) The evolution of carbon number in different zones under varying

temperatures; (e) The evolution of averaged atomic Q6 values in different zones.
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Fig. 13 shows the evolution of carbon numbers in different

zones under varyingC/W. The time that carbon reaches Zone 2

andZone1 is roughly thesameunderdifferentC/Wconditions,

demonstrating that C/W has a negligible influence on carbon

permeation on NiNP surface and in NiNP pores. Nevertheless,

high C/W would inhibit the carbon deposition number on

NiNP. The equilibriumcarbonnumbers in total and indifferent
zones decrease with the increase in water molecule number.

Wu and Liu [51] also reported that the increase of the steam to

carbon ratio could favour carbon elimination during bio-oil

gasification. The carbon elimination from the catalyst surface

can be ascribed to the addition of water occupying the active

sites on the catalyst surface, preventing the dissociative car-

bon atoms from attaching to NiNP.

https://doi.org/10.1016/j.ijhydene.2022.09.202
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Fig. 13 e The evolution of carbon number in different zones

under varying C/W.
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Conclusions

In this study, Nickel catalysed gasification of cellulose in su-

percritical water is investigated by using reactive MD simu-

lation. The depolymerisation and ring-opening process of

cellulose, effects of Ni and C/W on gaseous product yield, and

carbon deposition behaviour on Ni catalyst were investigated.

This study provides detailed information on Ni-catalysed

cellulose SCWG at an atomic level.

Calculated activation energies show that Ni can decrease

the activation energy of CeC and CeO bond cleavage, pro-

moting cellulose depolymerisation and ring-opening process.

Cellulose could be gasified at a lower temperature with the

addition of Ni. The activation energy reduction of CeO ismore

significant than that of CeC bonds under the effect of Ni.

The H2, CO, and CO2 yields increase with increasing tem-

perature. H2 yield increases significantly in the presence of Ni

due to the large number of hydrogen free radicals generated

by the cleavage of CeH and OeH bonds on the surface of NiNP.

H radicals can not only interact with each other to produce H2

but also interact with H atoms on water and cellulose to

generate H2. The
�OH generated would consume H radicals,

leading to an increase in H2O number. The concentration of H

radicals would increase if the number of �OH in the reacting

system can be suppressed, thereby increasing the yield of H2.

Simulation results show that water plays a limited role in

providing H free radicals to produce H2, the hydrogen atoms in

cellulose are the primary source of H2 generation. The cellu-

lose cracking fragments would be adsorbed on the NiNP
surface, where these fragments undergo deoxygenation and

dehydroxylation reactions, leading to a reduction of CO and

CO2 yields. The addition of water will occupy the active sites

onNi surface, reducing the probability ofmolecular fragments

attaching to the Ni surface. The small dissociative fragments

outside Ni surface tend to generate more CO.

The carbon deposition on the NiNP surface results in the

deactivation of the catalyst. Due to themovement of Ni atoms

at high temperature, the adsorbed carbonwould infiltrate into

the NiNP. Results suggest that carbon permeation rate in-

creases with increasing temperature as the relative displace-

ment of Ni atoms would be increased under higher

temperatures. The increase in water mass fraction can favour

carbon elimination from the catalyst surface because water

would occupy the active sites on the NiNP surface, resulting in

the failure of carbon adsorption. This study elucidated the

detailed mechanism of Ni-catalysed cellulose SCWG from the

molecular point of view, providing a basis for further biomass

utilisation and cost reduction.
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