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a b s t r a c t 

Lignin is a valuable bio-resource in the manufacturing of carbon-based functional materials, because of 

its large carbon content (~60%), various phenolic structural units, abundancy and sustainability. Here, we 

explored its use in photocatalytic and self-propelling applications. First, hydroxyl-abundant lignin-based 

carbon precursor particles, HCLSs, were produced by hydrothermal carbonization of lignin-based micro- 

capsules (LCs). Then, by heating urea coated HCLSs, carbon spheres with a layer of graphitic carbon ni- 

tride (g-C 3 N 4 ) were produced. The presence of surface available -OH groups on the HCLSs, were critical in 

the formation mechanism. Under visible-light irradiation, the photocatalytic spheres exhibited enhanced 

activity (49% of the model pollutant remained after 60 min, at 100 mW cm 

−2 ) and possessed a three 

times higher average removal rate constant compared to that of g-C 3 N 4 powder. The g-C 3 N 4 powder was 

obtained when heating urea only. Additionally, by introducing a Pt/Pd coating on only one side of the 

composite spheres, the spheres were made self-propelling in the presence of a fuel (H 2 O 2 ). This work 

provides new insights into the preparation principles of lignin-based photocatalytic spheres for effective 

solar photocatalysis applications. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Biomass polymers, such as cellulose, lignin and chitin, represent 

imple, sustainable and inexpensive alternatives to the traditionally 

sed crude oil or natural gas in the manufacturing of carbon-based 

unctional materials [ 1 , 2 ]. This is because of the many advantages 

hat include material availability, economic efficiency (from an in- 

ustrial perspective), non-toxicity, biodegradability and biocompat- 

bility. In particular, the valorization of lignin, to produce high 

alue products, is increasingly recognized as crucial to the eco- 

omic viability of integrated biorefineries, as well as an important 

tep towards a circular bio-economy in an ever more industrial- 

zed society. Lignin constitutes of a high carbon content (~ 60%) 

nd various phenolic and non-phenolic aromatic structural units, 

ormed during its biosynthesis by dehydrogenative polymerization 

f coniferyl, sinapyl and p-coumaryl alcohols [3–5] . As a conse- 

uence of the aromatic units, lignin exhibits strong absorption in 

he ultraviolet (UV) region [6–9] . However, carbon-based materials, 

hat are obtained from lignin, represent new materials that have 

he propensity to further induce the responsiveness in the visible- 
∗ Corresponding authors. 
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ight range, and also augment the photo-induced charge separation 

fficiency [ 10 , 11 ]. Such properties are interesting in heterogenous 

hotocatalysis, as it improves the photocatalytic efficiency in the 

hole solar spectrum. 

So far, lignin has been exploited as a precursor in the produc- 

ion of carbon-based supports or templates for different metal- 

ased semiconductor materials for photocatalytic applications. 

tudies include hybrid composite materials based on lignin and 

iO 2 [ 11 , 12 ], ZnO [ 13 , 14 ] or CeO 2 [15] . Lignin spheres decorated

ith Fe [16] or Ag [17] nanoparticles have also been produced. 

he presence of a lignin-based carbon support has shown to en- 

ance the photoelectrochemical properties, resulting in, for exam- 

le, improved degradation of pollutants [13] . The techniques em- 

loyed to produce these hybrid materials include precipitation or 

n-situ methods where the lignin chemistry aids in the formation 

f the metal nanoparticles. Controlling the final morphology of the 

ybrid material is important, because the mechanism of sorption 

nd photochemical reaction will be a function of the electrical con- 

uctivity, surface area and porosity. 

Another strategy, which to our knowledge has not been re- 

orted previously [10] , is to prepare a metal-free composite photo- 

atalyst based on carbonized lignin. However, unlike the biopoly- 

er chitin [18] , lignin is deficient in nitrogen and, to increase pho- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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and stored at RT. 
ocatalytic efficiency, doping with nitrogen is a viable strategy. The 

ntroduction of nitrogen motifs can be achieved by for example in- 

luding urea in a co-carbonization step [ 19 , 20 ]. Inspired by this, 

e present a straightforward co-carbonization protocol and pro- 

uce nitrogen-doped carbon spheres from the renewable resources 

ignin and urea. The lignin-based spheres were modified with urea 

nd the rationale behind using lignin spheres, and not dissolved 

ignin or lignin powder, is that better tailored sizes and size dis- 

ributions of the produced carbonized materials can be obtained. 

his is important in the context of photocatalyst recovery. For ex- 

mple, in batch or suspended-type continuous flow through photo- 

eactors, that are used for large scale water effluent refinement 

n an industrial scale, specialized downstream equipment are key 

equisites for photocatalyst recovery. Investment and maintenance 

osts of photocatalyst recovery should however be minimized, and 

ery fine nanoparticulate substances increase such costs [ 21 , 22 ]. 

nother important parameter for enhancing photocatalytic perfor- 

ance is mobility, because sedimentation in water bodies will 

imit the photocatalytic activity [23] . Enhanced and controlled mo- 

ility also limits secondary pollution associated with the loss of 

he photocatalytic material [24] . 

We previously reported that a fractionated lignin enables facile 

ynthesis of microcapsules with well-defined shapes [4] . In the 

resent study, we exploit the same fractionated lignin and develop 

 modified synthetic route to obtain solid hydrothermally car- 

onized spheres. The solid spheres were mixed and co-calcinated 

ith urea to produce the photocatalytic composite spheres. The 

hotocatalytic performance was evaluated using a model pollutant 

hodamine B (RhB) and the results are compared with that of neat 

hermally treated urea (i.e. bulk g-C 3 N 4 ). Additionally, we also in- 

estigate how the composite spheres can be made self-propelling. 

he results are discussed from the derived chemical, optical and 

orphological characteristics of the materials. 

. Materials and methods 

.1. Materials 

The softwood Kraft lignin (KL) was obtained from the Ligno- 

oost process and the acetone-soluble lignin fraction was derived 

ccording to the protocol developed by Duval et al. 2016 [25] and 

haracterized by us in a previous study [ 4 , 26 ]. 

Acetylation of lignin and its characterization was done as de- 

cribed in a previous study [4] . Briefly, an amount of 10 ml of 

 50:50 (vol %) pyridine/acetic anhydride solution was used per 

ram of lignin. The mixture was allowed to react for 24 h un- 

er magnetic stirring. The solids were precipitated using 50 ml 

f HCl solution (pH = 1.0). The solids were then collected using 

 vacuum filtration set-up and washed with Milli-Q water several 

imes. The collected solids were vacuum-dried at 40 °C and stored 

n vials prior to use. Urea, Rhodamine B (RhB), Sodium dodecyl 

ulfate (SDS), heptane, chloroform, and the other chemicals above 

ere purchased from Sigma-Aldrich. All chemicals were of analytic 

rade and were used without further purification. 

.2. Synthesis of lignin microcapsules (LCs) 

The synthesis protocol was in accordance with our previously 

ublished procedure, with the modification that the liquid-core 

aterials utilized were either hexadecane or heptane [4] . Briefly, 

2 mg of acetylated lignin and 187 mg of hexadecane or heptane 

ere dissolved in 1.4 mL of chloroform (co-solvent). The solution 

present in a closed vial) was stirred overnight at room temper- 

ture to ensure complete dissolution of the lignin. The continu- 

us phase consisted of 3.5 mM SDS solution in MilliQ-water (0.1 

t % SDS). The emulsification apparatus consisted of a hydrophilic 
2 
ylindrical SPG membrane (10 mm OD × 20 mm length, pore size: 

 μm) which was installed in a pressure-tight stainless-steel MPG 

micro-porous glass) module. The hydrophobic phase was poured 

n a pressure-tight storage tank and allowed to pass through the 

PG membrane into the continuous water phase (18 mL) at a trans- 

embrane pressure of 30 kPa. The generated oil-droplets in water 

present in an opened vial) were stirred overnight at 500 rpm, dur- 

ng which the chloroform evaporated into the surrounding atmo- 

phere. The final microcapsule suspension contained 1.4 wt% mi- 

rocapsules. The suspensions were stored in closed vials at RT prior 

o further processing. The microcapsules with liquid heptane-cores 

ad an acorn-shape, see Fig. S1 in the Supporting Information (SI). 

.3. Synthesis of hydrothermally carbonized lignin structures (HCLSs) 

An amount of 4 mL of the microcapsule suspension (suspension 

ontained 1.4 wt% microcapsules and 3.5 mM SDS) was dispersed 

n 16 g of Milli-Q water. After stirring for 30 min at room temper- 

ture, the solution was transferred into a hydrothermal autoclave 

eactor (internal volume 20 mL, TECHINSTRO) and was hydrother- 

ally carbonized at 240 °C for 16 h. The heating rate is very impor- 

ant, because too fast heating will result in a large portion of shat- 

ered microcapsules [4] . To achieve a slow heating, the autoclave 

as placed in the oil-bath at room temperature, and the temper- 

ture of the oil-bath was increased at a rate of ~5 °C min 

−1 until 

he final temperature was reached. After hydrothermal carboniza- 

ion, the dark brown products were collected after centrifugation, 

ashed several times with Milli-Q water, and dried overnight at 

0 °C. 

.4. Synthesis of carbon spheres (CSs) and carbon spheres with 

odified g-C 3 N 4 (g-C 3 N 4 @CSs) and Pt/Pd@g-C 3 N 4 @CSs 

The g-C 3 N 4 @CSs were produced with the co-calcination 

ethod, as illustrated in Fig. 2 . Typically, dry HCLSs (1 mg) and 

rea (17.2 mg) were dispersed in 5 mL of Milli-Q water and soni- 

ated for 10 min to dissolve the urea. The suspension was dried at 

0 °C to give HCLSs with urea coating (U-HCL Ss). The U-HCL Ss un- 

erwent temperature-programmed calcination using a TGA-Q50 0 0 

nstrument (ISO 11358). An amount of 50 mg U-HCLSs was loaded 

n 70 μL aluminum oxide ceramic sample pans and the U-HCLSs 

ere heated to 550 °C and maintained at that temperature for 

 h. The whole process was performed under a nitrogen-rich at- 

osphere (98% N 2 and 2% H 2 ) at a heating rate of 10 °C min 

−1 .

fterwards, the dark products were collected and stored at RT. The 

mount of g-C 3 N 4 in the final composite spheres (g-C 3 N 4 @CSs) 

as 25 wt% (calculated from the TGA curves for the urea and the 

-HCLSs). 

To prepare Pt/Pd@g-C 3 N 4 @CSs, g-C 3 N 4 @CSs were deposited on 

ilicon wafers and sputtered with Pt/Pd (60/40), at a current of 

0 mA using a Cressington 208HR sputter coater, until a 10 nm 

hick coating was achieved [27] . The silicon wafers were not in 

otion and perpendicular to the sputtering source. The attained 

t/Pd@g-C 3 N 4 @CSs with one side of Pt/Pd were gently washed 

way from the wafer using Milli-Q water and stored in Milli-Q wa- 

er prior to further experiments. 

To prepare CSs, the dried HCLSs (10 mg) were directly loaded in 

0 μL aluminum oxide ceramic sample pans and heated to 550 °C 

nd maintained at that temperature for 3 h. The whole process was 

erformed under a modified atmosphere (98% N 2 and 2% H 2 ) with 

 heating rate of 10 °C min 

−1 . The dark products were collected 
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.5. Synthesis of pure graphitic carbon nitride (g-C 3 N 4 ) 

An amount of 20 g of urea was dried in a glass petri dish 

t 100 °C for one day. The dry powder was transferred to a 

0 ml porcelain crucible, which was closed with a lid and wrapped 

ith aluminum foil. The crucible was heated in a muffle furnace 

Micropyretics Heater International) at 550 °C. The temperature 

550 °C) was reached within 20 min (from 19 °C) and maintained 

t 550 °C for 3 h. Afterward, the heater was turned off and the 

rucible was cooled back to room temperature. Approximately 1 g 

f g-C 3 N 4 was produced. This amount was suspended in 100 mL of 

.1 M of nitric acid in a beaker and stirred for 1 h. The suspension

as centrifuged at 10k rpm for 10 min, the supernatant was dis- 

arded and the remaining powder was re-dispersed in fresh Milli- 

 water. This centrifugation step was repeated 3 times. The final 

owder was dispersed in fresh Milli-Q water and kept in RT for 

urther usage. 

.6. Photocatalytic activity measurement 

The photocatalytic activity of g-C 3 N 4 @CSs, pure g-C 3 N 4 and CSs 

ere evaluated by the discoloration of RhB under a visible-light 

ource setup ( λ > 400 nm, light intensity 100 mW cm 

–2 ) as de- 

cribed in a previous study [28] . The experiments were performed 

ith 1 mg of g-C 3 N 4 @CSs and 3 ml of RhB solution (5 mg L −1 ) in

 cuvette reactor. The same type of experiments were performed 

ith pure g-C 3 N 4 and CSs. For comparative purposes and because 

he CSs do not possess any photocatalytic properties, the amount 

f CSs and g-C 3 N 4 used in the experiments were matched with 

he content in g-C 3 N 4 @CSs. In 1 mg of g-C 3 N 4 @CSs the amount

f CSs and g-C 3 N 4 is approximately 0.75 mg and 0.25 mg, respec- 

ively. Therefore, 0.75 mg of CSs was used in 3 mL of RhB solution 

5 mg L −1 ). In the case of pure g-C 3 N 4 , however, 0.33 mg of g-

 3 N 4 was instead used in 3 mL of RhB solution (5 mg mL −1 ). This

s slightly more than that present in 1 mg of g-C 3 N 4 @CSs. 

Prior to irradiation, the suspension was treated using ultra- 

ound in the dark for 30 min to achieve adsorption-desorption 

quilibrium. Then, the suspension was illuminated under magnetic 

tirring. The amount of aqueous RhB was checked at given time 

oints using a UV–vis spectrophotometer (Shimadzu UV-2550), 

nd the RhB concentration ( C ) was calculated from the absorbance 

eak at 553 nm. The measurements were performed in triplicates. 

.7. Characterization 

Scanning electron microscopy (SEM) micrographs were ob- 

ained using a Hitachi SEM S-4800 (Japan) at an accelerating volt- 

ge of 1 kV. The samples (except for Pt/Pd@g-C 3 N 4 @CSs) were 

rounded with Pt/Pd (60/40) for 10 s at a current of 80 mA using 

 Cressington 208HR sputter coater. 

Energy dispersive X-ray spectroscopy (EDS) measurements were 

erformed with a Hitachi S-4800 (Japan) equipped with an X- 

ax N 80 Silicon Drift Detector (SDD) from Oxford Instruments 

USA). The EDS analysis was obtained at an accelerating voltage of 

0 kV. 

X-ray photoelectron spectroscopy (XPS) was carried out using 

 PHI 50 0 0 versa probe III scanning XPS microprobe. The survey 

can, to evaluate the overall composition was carried out in the 

ange 0–1250 eV with a step size of 1 eV. The chemical state of 

ach element within the compound was analyzed through selected 

egion scans with a step size of 0.1 eV and the valence band (VB) 

haracterization was done at a step size of 0.025 eV. 

Fourier-transform infrared (FT-IR) measurements were per- 

ormed using a Perkin-Elmer Spectrum 20 0 0 FT-IR equipped with 

 MKII Golden Gate single reflection ATR system. All spectra were 

ecorded in the range of 60 0–40 0 0 cm 

−1 with 32 scans averaged at
3 
.0 cm 

−1 resolution at room temperature. Prior to measurements, 

he samples were dried in a vacuum oven (24 h at 40 °C). 

Dynamic Light Scattering (DLS) was performed using a Malvern 

etasizer Nano at 25 °C. The samples were diluted to 0.1 mg mL −1 

ith Milli-Q water. 

The UV–vis diffuse reflectance spectra of powder g-C 3 N 4 or g- 

 3 N 4 @CSs were acquired using an UV–vis spectrophotometer, Shi- 

adzu UV 2550, arrayed with an integrating sphere assembly (ISR- 

0 0 0). BaSO 4 was used as the reference. For determining the opti- 

al properties of dry powders of the g-C 3 N 4 @CSs or g-C 3 N 4 , the 

owder materials were dry pressed into a disc. The absorbance 

F(R)) was calculated from the diffuse reflectance (R) using the 

ubelka-Munk model. For determining the absorption spectrum of 

he CSs powder, the powder was dry-pressed into a disc shape on 

 microslide prior to measurements. 

An Axio Vert.A1 inverted Light Microscope (Carl Zeiss, Ger- 

any) equipped with a Zeiss AxioCam 305 color camera (Zeiss 

en 2.6 software (blue edition)), 7.2W LED lamp (Cree XHP35A HI, 

00 nm > λ > 400 nm, distance from LED to objective plane: 

70 mm) and 40x and 63x air objectives, was used to image 

he acorn capsules (LCs) and also to monitor the movement of 

he Pt/Pd@g-C 3 N 4 @CSs. Pt/Pd@g-C 3 N 4 @CSs, SDS and RhB in Milli-Q 

ater were deposited in a Petri-dish with a circular cavity (diam- 

ter 1 cm) with a glass bottom (No. 0). The dispersion was cov- 

red with a 40 μm Nylon mesh and once the Pt/Pd@g-C 3 N 4 @CSs 

ettled, additional Milli-Q water or H 2 O 2 was added carefully. The 

nal concentration of SDS and RhB was 0.35 mM and 5 mg L −1 , re- 

pectively. The particle movement was recorded (10 or 25 fps) and 

ll videos were analyzed using the Video Spot Tracker v08.01 soft- 

are and Excel. The derived velocities were calculated from mea- 

urements on 32 different particles. 

. Results and discussion 

.1. The formation of hydrothermally carbonized lignin structures 

HCLSs) 

The lignin-based precursor particles (HCLSs) were prepared by 

ydrothermal carbonization of lignin-based microcapsules (LCs), 

ee Fig. 1 a. The rationale behind starting with microcapsules, and 

ot solid particles, is that additional functionality could poten- 

ially be encapsulated within the liquid cores, e.g. paramagnetic 

anoparticles [29] , although we did not demonstrate this here. To 

orm the LCs with the emulsion solvent-evaporation technique, the 

ignin was first chemically modified to make it hydrophobic, which 

as achieved by acetylating the lignin to remove −OH groups [4] . 

or this a fractionated soft-wood Kraft lignin was used because it 

as previously been shown to produce well-defined microcapsules 

4] . 

The liquid-core material present in the interior of the LCs dic- 

ated the yield of solid particles obtained after hydrothermal car- 

onization and here two different core materials, hexadecane or 

eptane, were tested. The LCs with liquid heptane cores, are shown 

n Figure S1. These were similar to the LCs with hexadecane 

ores, that have previously been reported in detail in literature [4] . 

oth microcapsule types had a similar size-distribution, see size- 

istribution for microcapsules with hexadecane cores in Figure S2. 

his is expected because a membrane technique was used to pro- 

uce the microcapsules. In our previous study [4] , we showed that 

he heating rate will influence the stability of the lignin capsule 

all and the wall might rupture when the heating rate is too high. 

n additional parameter to take into consideration is the final tem- 

erature at which the carbonization takes place. In this work, the 

eating rate was sufficiently slow (~ 5 °C min 

−1 ) according to our 

revious results, but the hydrothermal carbonization took place at 

 much higher temperature (240 °C) – a temperature of 120–140 °C 
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Fig. 1. (a) The solid particle formation and release mechanism for microcapsules with different core materials (heptane or hexadecane) during the hydrothermal carboniza- 

tion. SEM micrographs of two oil-cores microcapsules types after hydrothermal carbonization; (b) formation of lignin debris due to rupture of the hexadecane-core micro- 

capsules and (c) successfully carbonized lignin structures (HCLSs) derived from heptane-core microcapsules. The arrows in (c) point to dimples formed during the process. 

(d) DLS results showing the size-distribution (hydrodynamic diameter) of lignin capsules with heptane cores (LC hep ) before and after hydrothermal carbonization at 240 °C 
(HCLSs). Scale bars: 5 μm (b), 1 μm (extension in b) and 2 μm (c). 
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as used previously. As a result, microcapsules with hexadecane 

ores fractured, creating lignin debris, see SEM images in Fig. 1 b. 

ote that the same result for hexadecane-core microcapsules was 

ot obtained in the previous study when the final temperature was 

nly set to 140 °C [4] . 

On the other hand, by choosing heptane as the core material, 

hich has a much lower boiling point, the microcapsule walls did 

ot rupture when the heptane escaped to the surrounding aque- 

us medium. In Fig. 1 c, the SEM images of the obtained HCLS 

tructures are included after successful hydrothermal carboniza- 

ion of lignin-microcapsules with heptane cores. Clearly, the re- 

ulting HCLSs were spherical in shape, with smooth outer surfaces. 

ccasional dimples could sometimes also be observed (arrows in 

ig. 1 c), which is a consequence of the anisotropic shape of the 

riginal lignin-based microcapsules (LCs, Fig. S1 in SI). The DLS re- 

ults in Fig. 1 d show that the LCs shrunk significantly (89 vol% on 

verage) after the hydrothermal carbonization step and, hence, the 

btained HCLSs were solid particles. The last can be understood 

rom the significant shrinkage in volume and the initial shell wall 

hickness (~77 μm on average) [4] of the LCs. The resulting HCLSs 

ad a diameter of 1 ± 0.1 μm (SEM, n = 100). 

.2. Preparation of carbon spheres with a g-C 3 N 4 exterior shell 

g-C 3 N 4 @CSs) from urea-coated lignin particles 

A co-carbonization protocol was used herein for the precursor 

articles (HCLSs) and urea, see Schematic in Fig. 2 a. This strat- 

gy was employed, because it has the potential to build a stronger 

nterlayer interaction between the formed g-C 3 N 4 and the car- 

onized lignin in the final structures, which could further im- 

rove the electron transfer and boost the photocatalytic perfor- 

ance [30] . 

Lignin, as a carbon-rich material, is abundant in hydroxyl 

roups and has previously shown to form hydrogen bonds with 

rea molecules [ 31 , 32 ]. This makes it an ideal carbon precursor for 
4 
he co-carbonization with urea. However, as mentioned previously, 

n acetylated Kraft lignin was used here to create the microcap- 

ules, therefore very few -OH groups were available on the micro- 

apsules’ surfaces. Fortunately, after the hydrothermal carboniza- 

ion step, the −OH groups reappeared due to the de-acetylation 

 Fig. 2 a), and the obtained hydrothermally carbonized lignin struc- 

ures (HCLSs) could successfully be coated with urea, as shown 

n the schematic illustration in Fig. 2 b. The FT-IR spectra for the 

Cs and HCLSs, that show the amount of -OH before and after hy- 

rothermal carbonization, are included in Fig. S3 in the Supporting 

nformation. In Fig. 3 , a SEM image is included that shows HCLSs 

ith a urea coating. The sample was prepared by mixing HCLSs 

ith urea in water, followed by washing with Milli Q-water twice, 

o remove excess urea. The urea coating had a sponge-like appear- 

nce, and at some places a coating edge between the urea and the 

nderlying HCLSs could be seen (arrow in Fig. 3 ). Compare with 

he smooth outer surfaces of the HCLSs in Fig. 1 c. Direct adsorp- 

ion of urea on top of LCs, that is microcapsules with acetylated 

ignin walls, was not possible, see Fig. S4 in Supporting informa- 

ion. This was due to the lack of -OH groups on the surfaces of the 

Cs’ (Fig. S3 in SI). 

Next, in the co-carbonization step, the urea polymerized in situ 

n the framework of the HCLSs, forming g-C 3 N 4 patches on the 

urface of the carbon spheres. The resulting nanosphere structures, 

-C 3 N 4 @CSs, contained 25 wt% of calcinated/reacted urea (assessed 

rom TGA, Fig. S5 in the SI). As expected, direct co-carbonization 

f the LCs with urea was not possible, because the compounds 

erged together during the reaction and formed a coherent aggre- 

ated solid, see Fig. S6. Hence a hydrothermal carbonization step of 

he LCs at 240 °C was essential. The average diameter of the result- 

ng g-C 3 N 4 @CSs was 0.7 ± 0.1 μm (SEM, n = 100), which is slightly 

ess than the size of the HCLSs prior to co-carbonization. The re- 

ulting g-C 3 N 4 @CSs are presented at two different magnifications 

n Fig. 4 a and b (also Fig. S7a in the SI). As can be seen, the outer

urface is rough, which indicated the reaction and growth of the 
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Fig. 2. (a) Schematic illustration of the different preparation steps to obtain the g-C 3 N 4 @CSs from Kraft lignin and urea. (b) Proposed molecular interactions between urea 

and the surfaces of LCs (made from acetylated lignin) and urea/HCLSs. In the latter case, -OH groups were present on the HCLSs’ surfaces. 

Fig. 3. SEM micrograph of an adsorbed urea coating on top of HCLSs. The urea was 

mixed with HCLSs, followed by subsequent washing with MilliQ water to remove 

excess urea and (partially) reveal HCLSs (white arrow). Scale bar: 1 μm. 

Table 1 

EDS results for CSs and g-C 3 N 4 @CSs. 

C (wt%) O (wt%) N (wt%) 

CSs 66.1 33.9 n/a 

g-C 3 N 4 @CSs 70.9 19.8 9.3 
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-C 3 N 4 on the outer surface of the HCLSs. The outer surface can 

e compared to that of carbon spheres (CSs) that were prepared 

t the same temperature (550 °C), but in the absence of urea, see 

ig. 4 c (also Fig. S7b in the SI). In this case the resulting CSs had

 smooth outer surface. As an additional comparison, neat g-C 3 N 4 

from calcination of urea only) is also included in Fig. 4 d, to show 

ts rough and stacked lamellar structure. 

The carbon, nitrogen and oxygen compositions were analyzed 

ith Energy-Dispersive X-ray Spectroscopy (EDS), and the results 

or CSs and g-C 3 N 4 @CSs are reported in Table 1 . Clearly, the ni-

rogen is only present in g-C 3 N 4 @CSs. Additionally, the amount of 
5 
xygen was lowered and the carbon content was increased in g- 

 3 N 4 @CSs when compared to neat carbon spheres (CSs). These re- 

ults confirm the successful in - situ polymerization of urea on the 

CLSs. 

The elemental mapping of the g-C 3 N 4 @CSs is included in the 

upporting Information (Fig. S8). It shows an even distribution of 

itrogen in a large population of g-C 3 N 4 @CSs particles. 

.3. Chemical analysis 

XPS and FT-IR spectra provided valuable insight into the chem- 

cal composition of the spheres. In Fig. 5 , the C 1s, N 1s, and O 1s

PS spectra for the g-C 3 N 4 @CSs are included. As a comparison, the 

PS spectra for the carbon spheres (CSs) and neat g-C 3 N 4 are also 

hown. The CSs showed no binding energy peak for N 1s (XPS sur- 

ey spectra in Fig. S9), confirming the obtained EDS results for CSs 

n Table 1 . 

The high-resolution C 1s spectrum and its corresponding 

econvoluted fittings for g-C 3 N 4 @CSs, displayed five peaks at 

88.0 eV, 286.7 eV, 286.3 eV, 285.6 eV and 284.8 eV ( Fig. 5 a).

he peak at 288.0 eV (39.5%) was identified as sp 

2 -bonded car- 

on (in N-C = N) in the g-C 3 N 4 present on the exterior of the g-

 3 N 4 @CSs. This can be compared with the spectrum for neat g- 

 3 N 4 powder, where the N-C = N peak at 288.2 eV (96.7%) was pre- 

ominant and with an additional small peak at 284.8 eV (3.3%) due 

o sp 

2 C-C bonds, which fits well with previous C 1s spectra for 

ure g-C 3 N 4 prepared from urea [ 23 , 30 ]. The g-C 3 N 4 @CSs peak at

84.8 eV (42.6%) was assigned to primarily sp 

2 C-C bonds, whereas 

he peak at 286.3 eV (5.6%) was due to ether (C-OR) [ 30 , 33 ]. Both

eaks were assigned to the interior carbon-core (CS), because in 

he neat CS spectrum, the peaks for sp 

2 C-C bonds (284.8 eV, 

2.8%) and C-OR bonds (286.4, 11.1%) were found at similar po- 

itions as those for the g-C 3 N 4 @CSs. The weak peaks at 285.6 eV 

6.5%) and 286.7 eV (1.9%) in the spectrum for g-C 3 N 4 @CSs were 

scribed to carbons in C-N and C = N, respectively [ 30 , 34 ]. Due

o the in situ polymerization of urea on the HCLSs, these peaks 
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Fig. 4. SEM micrographs for: (a-b) g-C 3 N 4 @CSs at two magnifications, (c) neat carbon spheres (CSs) and (d) neat g-C 3 N 4 . Scale bars: 1 μm (a), 500 nm (b), 5 μm (c), 350 nm 

(inset in c) and 10 μm (d). 
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285.6 and 286.7 eV) indicate that some N atoms, presumably in 

he lattice of g-C 3 N 4 , have formed bonds with sp 

3 or sp 

2 carbons 

n the carbon spheres [ 30 , 34 ]. These peaks will not be observed

hen only physical mixing of a carbon-based material and g-C 3 N 4 

g-C 3 N 4 derived from urea) is performed [30] . 

In the N 1s spectrum ( Fig. 5 b) for the g-C 3 N 4 @CSs, three main

eaks appeared: 398.4 eV (71.7%), 399.8 eV (16.4%) and 400.9 eV 

9.1%). These were mainly related to the g-C 3 N 4 present on the 

xterior of the g-C 3 N 4 @CSs. Indeed, the same three peaks, but at 

lightly shifted positions, were found in neat g-C 3 N 4 . For neat g- 

 3 N 4 derived from urea , the dominant peak at 398.6 eV (65.9%) is 

ue to sp 

2 nitrogen in C-N = C, 399.9 eV (21.1%) is related to the 

ertiary N in N-(C) 3 and 401.2 eV (9.6%) belongs to nitrogen in - 

H x groups [ 23 , 30 , 35 , 36 ]. The chemical bond interpretations are

he same for the three main peaks in the g-C 3 N 4 @CSs N 1s spec-

rum. However, the intensity of the predominant peak (at 398.6 eV, 

5.9%) in relation to the other peaks for neat g-C 3 N 4 , is lower than

he predominant peak (398.4 eV, 71.7%) in g-C 3 N 4 @CSs, compare 

he different % of bonds given in brackets for the two sample types. 

his indicates the presence of a higher proportion of sp 

2 nitrogen 

n the g-C 3 N 4 @CSs, and the excess likely emanates from the reac- 

ion of urea with HCLSs [37] . 

In Fig. 5 c the high-resolution O 1s spectra for CSs and g- 

 3 N 4 @CSs are presented. The O1s spectrum for g-C 3 N 4 is found in 

ig. S10 in the SI. For g-C 3 N 4 @CSs, two peaks at 533.3 eV (39.6%)

nd 532.0 eV (60.4%) were observed. These were mainly related to 

he interior CS core, because the same two peaks, but at slightly 

hifted positions (533.8, 58.0% and 532.1 eV, 26.2%), were found in 

he neat CSs spectrum. The peak at 531.0 eV (10.5%) in the CS spec- 

rum was assigned to C = O. The peak at 533.3 eV in g-C 3 N 4 @CSs

orresponds to the oxygen atom belonging to -OH groups, whereas 

he 532.0 eV is assigned to oxygen in ether. [38] Interestingly for 

-C 3 N 4 @CSs, which is formed from the reaction between urea and 
6 
CLSs, the -OH peak was lower in relation to the C-OR peak and 

he peak for C = O was absent, whereas the opposite relation was 

bserved for neat CSs. This is again a consequence of the reaction 

ith urea. 

FT-IR spectra for the g-C 3 N 4 @CSs, neat g-C 3 N 4 and CSs are in- 

luded in Fig. 6 (spectra including the whole 40 0 0-60 0 cm 

−1 range 

re included in Fig. S11 in SI). The FT-IR of LCs and HCLSs are in- 

luded in the Supporting Information (Fig. S3). 

The pure compounds, neat g-C 3 N 4 and CSs, displayed typical 

ands. For neat g-C 3 N 4 (prepared from urea), the strong bands at 

539, 1451, 1396, 1311 and 1228 cm 

−1 were assigned to the for- 

ation of the repeating tri-s-triazine (heptazine) ring (C-N hetero- 

ycles), assuring the formation of g-C 3 N 4 [ 23 , 39 ]. The bands be-

ween 2900 and 3400 cm 

−1 corresponded to hydroxyl group in 

urface bound water molecules and amino groups (N-H) in g-C 3 N 4 , 

hereas the band at 807 cm 

−1 was related to the characteristic 

reathing mode of tri-s-triazine units [39] . 

For the CSs, both sp 

2 carbon (C = C stretching, a broad band 

t 1625 cm 

−1 ) and sp 

3 carbon (-CH x stretching at 2919 and 

852 cm 

−1 ) were present [38] . As expected, and due to the car- 

onization at an elevated temperature, there was a significant in- 

rease in the C = C band at 1625 cm 

−1 in CSs compared to HCLSs 

Fig. S3 in SI). Additional bands at 1134 and 1076 cm 

−1 were as- 

ociated with C-O groups, whereas the small band at 1736 cm 

−1 

marked with arrow) was due to C = O groups, which fits well with 

he XPS results in Fig. 5 [38] . The broad band (ca. 3401 cm 

−1 ) 

as due to alcohol -OH, which is coincident with the same (larger) 

and found in the FT-IR spectrum for HCLSs (Fig. S3 in SI). 

The FT-IR spectrum for g-C 3 N 4 @CSs, showed the coexistence of 

-C 3 N 4 and CSs, although some of the bands in CS and g-C 3 N 4 

ompletely overlapped (e.g. in the region 170 0–150 0 cm 

−1 ). Due to 

he larger amount of CSs in g-C 3 N 4 @CSs, CSs related bands were 

ore pronounced than those for g-C 3 N 4 in the spectrum for g- 
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Fig. 5. XPS high-resolution spectra of (a) C 1s, (b) N 1s, and (c) O 1s core levels for 

CSs, g-C 3 N 4 and g-C 3 N 4 @CSs. 
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−1 regions. 
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 3 N 4 @CSs. As a consequence, some bands, e.g. the broad band at 

90 0–340 0 cm 

−1 and the band at 1396 cm 

−1 in g-C 3 N 4 , were only

bserved as shoulders in the g-C 3 N 4 @CSs spectrum. On the other 

and, the g-C 3 N 4 related bands at 1228 and 1451 cm 

−1 could be 

ore clearly observed. Additionally, a new band at 1493 cm 

−1 ap- 

eared, see arrow in g-C 3 N 4 @CSs spectrum in Fig. 6 . This band is

ikely due to C-N bonds at the interface of g-C 3 N 4 and CS, obtained 

fter the reaction between urea and HCLSs. The C-N band in unre- 

cted urea will be found at 1460–1470 cm 

−1 [40] . 

.4. Optical properties 

The light harvesting capabilities and band gap of g-C 3 N 4 @CSs 

ere analyzed by UV–vis diffuse reflectance spectroscopy ( Fig. 7 ). 

s a comparison, the UV–vis absorption spectrum of the carbon 

pheres (CSs) is shown in Fig. S12. Compared with the pure g- 

 3 N 4 , which has an absorption edge at ca. 430 nm, there was an
7 
vident red-shift of the absorption edge for the g-C 3 N 4 @CSs to ca. 

80 nm. Additionally, the composite g-C 3 N 4 @CSs had an enhanced 

bsorption up to 800 nm. The improved light absorbance capabil- 

ty was due to the introduction of the carbonized lignin core, CSs, 

nd the enhanced light absorbance is a typical behavior of carbon- 

ased materials [ 41 , 42 ]. This is due to the narrower band gap of

he sp 

2 carbon clusters embedded in such carbon-based materials 

 41 , 42 ]. The band gap energy of g-C 3 N 4 @CSs was calculated to be

.22 eV. Pure g-C 3 N 4 , on the other hand, showed an intrinsic band 

ap of 2.76 eV, see the Tauc plot in the inset of Fig. 7 . These results

ignify a better visible light utilization by g-C 3 N 4 @CSs compared to 

-C 3 N 4 . 

Through the XPS VB analysis (Fig. S13 in SI), the valence band 

aximum (VBM) was calculated to + 2.15 eV for the g-C 3 N 4 @CSs 

omposite material. This can be compared to the valence band for 

-C 3 N 4 of + 1.81 eV. The corresponding conduction band min- 

mum (CBM) was calculated to -0.07 eV and -0.95 eV for g- 

 3 N 4 @CSs and g-C 3 N 4 , respectively. The obtained values for the 

omposite were attributed to the presence of CSs and the interface 

etween CSs and g-C 3 N 4 , which contained the chemical bonds, C-N 

nd C = N, between CSs and g-C 3 N 4 as confirmed through XPS and 

T-IR analysis, see Figs. 5 and 6 . Previous studies on graphene/g- 

 3 N 4 composites, showed that the presence of N-doped graphene 

cts as an electron donor system that lowers the HOMO energy 



Y. Cui, X. Sheng, P.R. Anusuyadevi et al. Carbon Trends 3 (2021) 10 0 040 

Fig. 7. Absorbance spectra calculated from the UV–vis diffuse reflectance spectra of 

g-C 3 N 4 and g-C 3 N 4 @CSs (Kubelka-Munk model). Inset: Tauc plots. 
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Fig. 8. (a) Absorbance spectrum for RhB in water as a function of time in the pres- 

ence of g-C 3 N 4 @CSs. (b) Photocatalytic activity of the g-C 3 N 4 , CSs and g-C 3 N 4 @CSs. 

C o corresponds to the initial concentration of RhB dye (5 mg L −1 ) and C corresponds 

to the concentration of dye during time t. In (c) the pseudo-first-order rate con- 

stants ( k , ln( C 0 / C ) = kt ), obtained from the curves in (b). 
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h

n

v

a

evel of g-C 3 N 4 , resulting in a composite system with a much im- 

roved oxidizing property [ 30 , 43 ]. Here, the reported heterojunc- 

ion between the g-C 3 N 4 and CSs, could lower the HOMO of the 

-C 3 N 4 in a similar way, with improved photocatalytic degradation 

roperties. It should be noted, that the present systems were pre- 

ared in a similar way as the reported graphene/g-C 3 N 4 compos- 

tes, that is, in situ polymerization of urea on the framework of 

he carbon-based material. This will influence the type of chemical 

onds/interactions at the interface of the CS and g-C 3 N 4 [30] . 

.5. Photocatalytic performance under visible light irradiation 

To evaluate the photocatalytic efficiency of as prepared g- 

 3 N 4 @CSs, we utilized Rhodamine B (RhB), as a model pollutant, 

ince the discoloration of RhB can easily be monitored. The photo- 

atalytic discoloration under visible light irradiation ( λ > 400 nm) 

f the RhB in the presence of g-C 3 N 4 @CSs, g-C 3 N 4 or CSs was

valuated and the results are presented in Fig. 8 . In Fig. 8 a, the

emporal evolution of the absorbance spectrum of RhB solution in 

he presence of g-C 3 N 4 @CSs is presented. The absorbance peak at 

53 nm decreased gradually as the irradiation time increased and 

ompletely disappeared after 3 hours. RhB alone is a highly sta- 

le molecule and exhibits no discoloration to photolysis alone [23] . 

he progression of the RhB discoloration in the presence of the g- 

 3 N 4 @CSs followed a similar pattern in agreement with previous 

tudies [ 23 , 44 ]. Starting from the time, that the system was ex- 

osed to visible light irradiation ( t = 0s) and up to 2 h of light il-

umination, the shift in the maximum absorbance peak of RhB was 

ery minute, from 553 to 549 nm. During this time-interval, the 

leavage of the conjugated RhB structure has been proposed as the 

rominent part of the photocatalytic process [44] . After 2 h, how- 

ver, a blue shift of the absorbance peak of RhB was more appar- 

nt, with a shift from 549 to 530 nm, which has previously been 

ttributed to the deethylation of RhB [44] . After 3 h, the peak at 

30 nm almost completely disappeared. In addition, the color of 

he RhB solution gradually changed from red to pale yellow, and 

he solution became colorless at the end of the reaction. 

In Fig. 8 b, the photocatalytic performance of the g-C 3 N 4 @CSs 

s compared to that of g-C 3 N 4 and CSs. As can be seen, the con-

entration of RhB in the presence of g-C 3 N 4 @CSs, decreased much 

aster than that of g-C 3 N 4 . When the RhB solutions were irradiated 

or 60 min with visible light, the concentration decreased with 

1.0% and 18.1% in the presence of g-C 3 N 4 @CSs and g-C 3 N 4 , re-

pectively. As a comparison, no discoloration of RhB was observed 

n the presence of CSs only. However, RhB sorption was observed 
8 
n the dark and for the first 30 min of visible light exposure. The 

verage rate constants ( k , Fig. 8 c) were 1.88 × 10 −2 min 

−1 for g- 

 3 N 4 @CSs and 6.4 × 10 −3 min 

−1 for g-C 3 N 4 , i.e. about three times 

igher for g-C 3 N 4 @CSs than g-C 3 N 4 . The obtained rate constant for 

eat g-C 3 N 4 (6.4 × 10 −3 min 

−1) fits well with previously reported 

alues at similar illumination conditions [45] . 

As discussed in the previous section, the enhanced photocat- 

lytic performance of the g-C 3 N 4 @CSs could be attributed to an 
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Fig. 9. In (a-b): SEM images of g-C 3 N 4 @CS particles which have been partially coated with Pt/Pd (Pt/Pd@g-C 3 N 4 @CSs). Inset in (b): EDS analysis of g-C 3 N 4 @CS in (b), showing 

the occurrence of Pt on one side of the particle (the area is marked with a dotted line). The movement path (2 s) for particles in Milli-Q water in the presence of (c) 0 and 

(d) 7.5% H 2 O 2 . In both (c) and (d) 0.35 mM SDS and 5 mg L −1 RhB were present. In (e): average velocity in 0 and 7.5% H 2 O 2 ( n = 32). Scale bars: 500 nm (a, b and inset) 

and 10 μm (c and d). 
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mproved photodegradation property of the g-C 3 N 4 @CSs compos- 

te photocatalyst, and enhanced visible light absorption capacity. 

lso, the CSs obtained here from lignin, probably served as excel- 

ent candidates for increasing the charge separation efficiency of 

hotogenerated electrons and holes produced in the g-C 3 N 4 upon 

xposure to visible light irradiation [41] . 

.6. Achieving self-propelling g-C 3 N 4 @CSs particles 

Movement is important in photocatalysis, because sedimenta- 

ion limits the photocatalytic efficiency as a consequence of light 

ttenuation effects and a lower oxygenation rate [23] . Indeed, only 

% and 20% of the photons from the UV and visible light region, 

espectively, reach a depth of 0.5 m [46] . Settlement of photoac- 

ive particles on the bottom of water bodies, occurs as a conse- 

uence of the higher density of the particles compared to wa- 

er. However, self-propelled movement of the photocatalyst par- 

icles to avoid such settlement can be achieved in response to 

n outer stimuli, for example a fuel [47] . To achieve this, parti- 

le anisotropy of some sort, e.g. shape or physicochemical differ- 

nces at two surfaces (Janus particles), needs to be introduced. Re- 

ently, Pumera et al. [48] showed for the first time, that g-C 3 N 4 can 

e structured into tubular shapes. These new structures were self- 

ropelling in the presence of H 2 O 2 fuel (5–20%) and visible light 

880 mW cm 

−2 ). 

To achieve motion for the present g-C 3 N 4 @CSs, one side of the 

article was coated with a 10 nm Pt/Pd (60/40) layer to create the 

eeded anisotropy. This was achieved, as previously reported in lit- 

rature [27] , by first creating a thin layer of g-C 3 N 4 @CSs particles 

n a surface, followed by sputtering with Pt/Pd on the top-part of 

he particles. Subsequent removal of the particles from the sub- 

trate, gave particles with one side coated with Pt/Pd. In Fig. 9 a 

nd b, SEM images are included of the resulting structures. The 

DS analysis of one particle is included in inset in Fig. 9 b, demon- 

trating that the Pt is located predominantly on the lower part side 
9 
f the particle (marked with a dotted line in Fig. 9 b). As fuel for 

he movement, H 2 O 2 was used and under the present conditions 

he Pt/Pd@g-C 3 N 4 @CSs decomposed the H 2 O 2 into H 2 O and O 2 . 

his generated the recoil force needed to achieve the movement of 

he spheres. This is analogous to that of TiO 2 -Pt/Pd tubular struc- 

ures catalyzed by H 2 O 2 [24] . Note that the irradiation conditions 

ere were very low, compared to the study by Pumera et al, and 

ence influenced the movement minimally [48] . In Fig. 9 c–e, the 

ovement and velocity in water (4.5 ± 0.7 μm s −1 , n = 32) and in

.5% H 2 O 2 (14.5 ± 3.4 μm s −1 , n = 32) are shown at similar irradi-

tion conditions. As can be seen, the velocity of the particles could 

e increased more than three times in the presence of H 2 O 2 . 

. Conclusion 

In summary, we have successfully demonstrated a simple strat- 

gy for utilizing the abundant waste material, Kraft lignin, in the 

roduction of photocatalytic spheres. The photocatalytic properties 

ere attained by N-doping, achieved by in situ polymerization of 

rea on hydrothermally carbonized (HTC) lignin spheres. To attain 

ntact carbonized lignin particles after the HTC process, lignin pre- 

ursor capsules with different liquid core materials were tested, 

nd heptane was shown to be the most suitable core material. 

he derived hydrothermally carbonized lignin spheres were suc- 

essfully coated with urea. The urea adsorbed due to the pres- 

nce of hydroxyl groups, and further carbonization, at elevated 

emperatures, generated the composite spheres. The surface abun- 

ant -OH groups were critical in the composite sphere forma- 

ion, because direct in situ polymerization of urea on non-heat- 

reated lignin structures was not possible and a coherent solid was 

nstead formed. The composite spheres demonstrated enhanced 

three times increase in rate constant) photodegradation of the 

odel pollutant, Rhodamine B, compared to neat g-C 3 N 4 powder 

obtained from heating pure urea). The outstanding photocatalytic 

ctivity for the developed g-C 3 N 4 /lignin-based carbon spheres was 



Y. Cui, X. Sheng, P.R. Anusuyadevi et al. Carbon Trends 3 (2021) 10 0 040 

a

c

w

s

c

t

t

o

t

p

D

c

i

A

n

i

X

t

S

f

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[

[  

[

[  

[  

[  

[

[  

[  

[  

[

[  

[

[  

[  

[

[  

[  

[

 

[  

[  

[  
ttributed to a combination of enhanced visible light absorption 

apacity, the formed heterojunction (C-N and C = N bonds, observed 

ith XPS and FTIR) at the interface of g-C 3 N 4 /lignin-based carbon 

pheres, and that lignin-based carbon spheres serve as excellent 

andidates for increasing charge separation. By covering one side of 

he composite spheres with a thin layer of Pt/Pd, we also showed 

hat the spheres were able to move faster (3 times) in the presence 

f a fuel (7.5% H 2 O 2 ) compared to water. 

The present structures, based on lignin and urea, offer a sus- 

ainable and low-cost photocatalytic alternative to conventional 

hotocatalysts. 
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