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A B S T R A C T   

A novel conjugation of guar gum with xanthate groups via facile aqueous xanthation reaction has been reported. 
Density of grafted xanthate on guar gum product (GG-X) is as high as 4.4%, thus GG-X is conceivably charac-
terized and confirmed by various spectrometric, electrochemical, thermogravimetric, and microscopic methods. 
Complexation of GG-X with numerous borderline and soft metal ions (e.g. Fe2+, Co2+, Ni2+, Cu2+, Pb2+, Pt2+ and 
Cd2+) yields hydrophilic gel-like materials and shows good agreement with hard and soft acid and base (HSAB) 
theory. This indicates tremendous potential of GG-X in metal ion extraction, removal and hydrogel cross-linking. 
GG-X is also employed to formulate an aqueous colloidal dispersion of copper sulfide covellite (GG-X/CuS) 
nanocomposites. GG-X therefore behaves as a surfactant, allowing formation of electronically conductive 
nanocomposites. XRD indicates apparent beneficial effects of GG-X in the synthesis of CuS with a crystallite size 
of 15.6 nm. This novel nanocomposite is a promising material for humidity sensing, showing reversible linear 
responses to relative humidity changes within 10 to 80% range. The interaction between GG-X and water might 
cause changes in electrical permittivity of GG-X/CuS nanocomposite and/or electrical hopping conductivity 
between CuS nanoparticles.   

1. Introduction 

Guar gum (GG) is a natural non-ionic galactomannan polysaccharide 
with a large molecular weight up to 2⋅106 Da, depending on the natural 
sources [1,2]. GG is composed of a mannose (M) backbone and galactose 
(G) side chains with a M/G ratio of around 1.8:1 (Fig. 1a). In GG, β-1,4- 
glycosidic bonds are found between M monomers, while G monomers 
are linked to the M backbone via α-1,6-glycosidic bonds. Due to the 
existence of numerous hydroxyl (–OH) groups on polysaccharide back-
bone, GG is highly hydrophilic and viscous solutions of GG can be 

obtained easily even in cold water [3]. Moreover, these –OH groups also 
act as reactive sites for diverse chemical functionalization and deriva-
tization approaches of the original GG towards novel advanced mate-
rials [4–10]. Possessing the nontoxicity, biocompatibility, 
biodegradability, abundant availability and low cost, GG has attracted 
great attention as a promising material in various research fields, e.g. 
hydraulic fracturing, water purification, food and petroleum industry, 
cosmetics and drug delivery [11–15]. Despite numerous advantages that 
GG can offer, challenges in the usage of GG in the development of new 
materials remain due to its susceptibility to microbial contamination 
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and fast biodegradation. It is, therefore, important to chemically modify 
GG in order to enhance its stability, functionality and extend its appli-
cability [11]. 

Over the years, xanthate (X) functional group has been well-known 
for its various applications in chemistry and materials science. While 
O- and N-based functional groups such as alkoxide, ether, carboxylic 
acid, sulfonic acid and amine, are typically regarded as hard bases, S- 
based xanthate functional group can be considered as a soft base from 
the hard and soft acid and base (HSAB) theory [16]. Xanthate, therefore, 
has been a popular functional group to chelate soft acids due to its strong 
binding capacity to a wide range of metal ions especially heavy metal 
ions, and therefore, an ideal functional group for metal ion removal and 
extraction [17–22], surface capping and synthesis of nanoparticles 
[23–25]. The selective tumor-killing capacity of platinum or non‑plati-
num xanthate complexes was also reported, showing promising bioac-
tivity of xanthate towards tumor cells [26–29]. In addition, xanthate 
moieties also act as important intermediates in organic transformations 
such as the synthesis of organofluorine derivatives [30], amines, ani-
lines, and other nitrogen compounds [31], or in reversible addition–-
fragmentation chain transfer (RAFT) and macromolecular design via the 
interchange of xanthates (MADIX) polymerization [32–34]. 

In this study, GG polymer backbone is xanthated for the first time to 
give guar gum xanthate (GG-X), which would enhance the chelating 
ability of original GG towards different metal ions. Characterization of 
GG-X has been carried out using various techniques. In addition, po-
tential applications of GG-X are explored and demonstrated through the 
complexation of metal ions (Section 3.3) and the formation of copper 
sulfide nanocomposites for humidity sensing (Section 3.4) with GG-X. 
Traditionally, the complexation of molecular xanthate derivatives and 

metal ions in aqueous solutions yields nonpolar metal xanthate complex 
products [35]. Due to polymeric structure and remaining -OH groups of 
GG-X, however, the complexation of metal ions via GG-X can result in 
hydrophilic gel-like materials. This allows a convenient and environ-
mentally friendly approach for metal ion extraction and removal, since 
organic solvents are not required and resultant gel-like materials can be 
easily separated or recovered. Moreover, hydrophilic GG-X can be used 
to formulate nanocomposites with semiconductors such as copper sul-
fide for humidity sensing. Among different types of copper sulfide phase 
structures, copper sulfide covellite (CuS) stands out because of its simple 
synthesis at ambient conditions, metallic-like conductivity, numerous 
potential applications in photocatalysis, solar cells and electronics 
[36–38]. The chelating effect of xanthate functional groups in GG-X can 
assist the formation and stabilization of CuS nanoparticles dispersed in 
GG-X matrix, which cannot be obtained without the presence of 
xanthate groups by using GG solely. Once GG-X/CuS nanocomposites 
are formed and employed as humidity sensors, hydrophilicity of GG-X 
might allow humidity interaction while CuS can act as a filler in the 
GG-X matrix to form electronically conductive composites, which are 
potential materials for chemical and biological sensing. The interaction 
between GG-X and water might cause changes in electrical permittivity 
of GG-X/CuS nanocomposite and/or electrical hopping conductivity 
between CuS nanoparticles, resulting in humidity sensing capacity of the 
nanocomposite [39,40]. 

Fig. 1. Xanthation of GG in aqueous solution (a), metal ion complexation of GG-X and GG-X/CuS preparation (b).  
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2. Experimental 

2.1. Chemicals and reagents 

Guar gum (MW = 220 kDa), carbon disulfide (CS2), AlCl3, CdCl2, 
CoCl2.6H2O, CuCl2, FeCl2.4H2O, FeCl3.6H2O, Ni(NO3)2.6H2O, Na2S, 
PbCl2, PtCl2, SnCl2, ZnCl2, potassium ethyl xanthogenate C2H5OCS2K 
(Et-X), NaHCO3, Na2CO3, acetone, ethanol (EtOH), hexanol, methanol 
(MeOH), toluene are purchased from Sigma-Aldrich. All chemicals are 
reagent-grade and used as received without further purification. 

2.1.1. Carbonate-bicarbonate buffer solution 
Carbonate-bicarbonate buffer (pH 10.5) was prepared by dissolving 

1.05 g of NaHCO3 and 9.28 g of Na2CO3 in 1.00 L of distilled water. 

2.2. Material synthesis and device fabrication 

2.2.1. GG-X 
12.22 g NaOH was added to 200 mL N2-purged H2O. Then, 2.00 g GG 

was added gradually to NaOH solution and the solution was stirred in 30 
min. 4.455 mL CS2 was then added to the solution and the reaction was 
carried out for 2.5 h at room temperature. MeOH was added to quench 
the reaction and precipitate GG-X products. The products were washed 
intensively by MeOH to remove inorganic xanthates byproducts until 
highly pure GG-X products were confirmed by UV–Vis spectroscopy. GG- 
X final product was dried in vacuum to give a reaction yield of 87.23%. 

2.2.2. GG-X/CuS nanocomposite 
600 mg of GG-X (0.452 mmol X) powder was dissolved in 32.0 mL 

distilled water at 40 ◦C to obtain a homogenous yellow solution. 
Meanwhile, 608 mg of CuCl2 (4.386 mmol) powder was dissolved in 8.0 
mL water. The two solutions were mixed together under vigorous stir-
ring to get a viscous mixture of GG-X and Cu2+. Finally, 61.5 mL of Na2S 
0.1 M (6.15 mmol) was added dropwise to the GG-X and Cu2+ mixture 
under vigorous stirring for 15 min to allow the formation of copper 
sulfide and the liquefaction of the gel. This solution was then sonicated 
for 15 min and concentrated by a hotplate at 85 ◦C for 2 h to get 48.0 mL 
of a homogeneous solution. The resultant product was purified by sol-
vent precipitation (H2O and EtOH antisolvent) and then redissolved in 
water. 

2.2.3. Reference materials 
(1) inorganic xanthate (Inorg-X) control solution: 30.0 μL CS2 was 

added to 2.0 mL of NaOH 1 M under N2 atmosphere. The solution was 
stirred within 2.5 h to give a reference Inorg-X solution composed of 
different forms of inorganic xanthates for UV–vis spectrophotometry. 
(2) CuS references: CuS (S2−) reference was obtained by the typical 
synthetic route of CuS, in which Cu2+ was added into an alkaline solu-
tion of S2− (pH 10.5). Meanwhile, CuS (OH−) reference was prepared by 
adding S2− to a slightly alkaline Cu2+ solution at pH 10.5, to mimic the 
preparation of GG-X/CuS but without GG-X, hence, examining the effect 
of alkaline pH on the formation of CuS. (3) GG/CuS reference: GG/CuS 
reference was also prepared by using 600 mg of GG, instead of GG-X at 
the same alkaline pH 10.5, to study the effect of GG-X in the formation of 
CuS. 

2.2.4. Metal complexation for demonstration 
Different metal ion solutions of the same molar concentrations 37.68 

mM (Al3+, Cr3+, Fe3+), and 56.52 mM (Zn2+, Sn2+, Fe2+, Co2+, Ni2+, 
Cu2+, Pb2+, Cd2+, Pt2+) were prepared in acidified H2O. 15.0 mg GG-X 
was dissolved completely in 1000 μL neutral H2O in different vials. Then 
100 μL of different metal ion solutions was added to those GG-X vials to 
give complexation reactions. pH of final gel-like products was measured 
to be in the range of 9.5–10.5. 

2.2.5. Sensor fabrication 
5-μm gap platinum-interdigitated electrodes (IDEs) (Micrux, Spain) 

were washed with water and ethanol. Then tape was applied onto the 
electrodes to control the coating area. The electrodes were then placed 
in plasma cleaner for 3 min. 20.0 μL of following solutions: GG, GG-X, 
GG/CuS, GG-X/CuS was drop-coated on the clean electrodes using mi-
cropipettes and the electrodes were then dried in vacuum for 4 h before 
testing. 

2.3. Characterization 

2.3.1. UV–Visible (UV–Vis) spectrophotometry 
UV–Vis spectra of all compounds in carbonate-bicarbonate buffer 

solutions (pH 10.5) were recorded on Shimadzu UV 2501PC spectro-
photometer (Shimadzu Inc., Kyoto, Japan) in the range of 260–700 nm 
with a resolution of 0.5 nm, in quartz cells (1 × 1 cm) at room 
temperature. 

2.3.2. Cyclic voltammetry (CV) 
Measurements were performed using a portable electrochemical 

interface and impedance analyzer (CompactStat, Ivium Technologies, 
The Netherlands). The experiments were carried out with a three- 
electrode setup including 1-mm diameter Pt disk working electrode, Pt 
wire counter electrode, and Ag/AgCl reference electrode. Cyclic vol-
tammograms were recorded under potentiodynamic conditions over the 
potential range of −0.5 to 0.8 V (vs. Ag/AgCl) at the potential scan rate 
of 50 mV/s. 

2.3.3. Fourier-transform infrared spectroscopy - Attenuated total 
reflectance (FTIR-ATR) spectroscopy 

IR spectra were measured by Nicolet™ iS50 FTIR spectrometer 
(Thermo Scientific Inc., Waltham, MA, USA). The spectra were recorded 
from 400 to 4000 cm−1 with a resolution of 4.0 cm−1 and averaged from 
64 scans. The instrument was equipped with a diamond crystal and a 
pressure gauge. 

2.3.4. Powder X-ray diffraction (XRD) 
Bruker D8 Discover diffractometer (Bruker Inc., Billerica, MA, USA) 

was employed to measure XRD spectra of samples in a diffraction angle 
range between 10 to 80o with resolution of 0.04o at room temperature. 
X-ray K780 (Cu Kα anode, λ = 1.5418 Å) generator was used at 40 kV 
voltage and 40 mA current. 

2.3.5. Scanning electron microscopy - energy dispersive X-ray spectroscopy 
(SEM-EDS) 

Morphology of materials was studied by LEO Gemini 1530 scanning 
electron microscopy (Leo Electron Microscopy Inc., Thornwood, NY, 
USA) while elemental mapping was done by energy dispersive X-ray 
spectroscopy (thermo scientific ultradry silicon drift detector). Resultant 
SEM images of GG-X/CuS were analyzed and CuS particle size was 
examined using Image J software. The particle size distribution curve of 
CuS was plotted based on 200 particles of CuS in GG-X/CuS. 

2.3.6. X-ray photoelectron spectroscopy (XPS) 
PHI 5000 VersaProbe (ULVAC-PHI Inc., Hagisono, Chigasaki, 

Kanagawa, Japan) spectrometer was used to conduct XPS measurements 
under following conditions: monochromatic Al Kα radiation (hν =

1486.6 eV), an X-ray source operating at 25 W, 15 kV, 100 μm spot, pass 
energy of 23.5 eV, energy step of 0.1 eV. Obtained XPS spectra were 
analyzed in CasaXPS software using the set of the sensitivity factors 
native for the hardware. Shirley background and Gaussian-Lorentzian 
peak shape were used for deconvolution of all spectra. 

2.3.7. Thermogravimetric analysis - differential scanning calorimetry 
(TGA-DSC) 

TGA-DSC measurements were carried out by a Netzch STA 449 F1 
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Jupiter thermogravimetric analyzer (Netzsch Instruments Inc., Feath-
erstone, Wolverhampton, UK) under N2 inert atmosphere from 30 to 
600 ◦C with a heating rate of 10 ◦C min−1. Dry samples of 2–10 mg were 
placed in aluminium DSC pans, while N2 flow rate was maintained at 20 
mL min−1. 

2.3.8. Humidity and electrical resistance studies 
Two procedures, one is without and another is with vacuum applied 

for desorption step, have been adopted for gas and humidity sensing. 
The experimental setup for the former procedure has been reported by 
Zouheir et al. [41] In short, a wireless and portable data acquisition 
hardware (DAQ) device was built from the Arduino and 16-bit analog- 
to-digital converter to acquire data from resistive sensors. LabVIEW VI 
was programmed to plot and save voltage outputs acquired by the 
prototype through Bluetooth communication. The reference and coated 
sensors were set inside a chamber to monitor relative humidity (RH) by 
adjusting the humid air or the dry air via an inlet. Room-temperature 
(25 ◦C) air with varying humidity levels was generated using an ultra-
sonic humidifier (Wilfa), without affecting the temperature inside the 
humidity chamber. In the latter procedure, the sensors were loaded into 
a stainless-steel chamber and exposed to cycles of vacuum and N2 with 
varying concentrations of gases or water vapor, while measuring their 
resistance. A computer-controlled bubbler was filled with the corre-
sponding liquid, and then N2 was bubbled through. The resulting gas 
mixture (N2 and organic compounds/water) was diluted to obtain the 
desired concentrations. The normalized resistance was calculated ac-
cording to the following equation: RNormalized = (R-R0) / R0, where R0 is 
the initial resistance value. 

3. Results and discussion 

3.1. Synthesis, metal ion complexation of GG-X and preparation of GG- 
X/CuS nanocomposites 

Hydroxyl groups of GG were first activated by using an excess 
amount of sodium hydroxide. Carbon disulfide was then added to the 
solution to yield xanthated guar gum GG-X (Fig. 1a). N2 purging was 
crucial to avoid further oxidation of xanthates. Since the xanthation was 
carried out in aqueous media, complex equilibria between the main 
reaction to produce GG-X and side reactions to create Inorg-X byprod-
ucts, were quickly established (e.g. Eqs. (1) and (2)) [42]. Meanwhile, a 
control solution for Inorg-X byproducts was also prepared under similar 
conditions without addition of GG for comparison purposes. In addition, 
complexation between various metal ions and GG-X was carried out 
effortlessly in aqueous solutions by controlling the molar ratio between 
metal ions and xanthate groups as 1:2 or 1:3 (Fig. 1b). To prepare GG-X/ 
CuS nanocomposites, Cu2+ was first dispersed in GG-X aqueous solution, 
followed by a precipitation reaction between Cu2+ and S2− to give a 
homogenous dispersion of CuS nanoparticles in GG-X aqueous matrix 
(Fig. 1b). Other samples such as CuS (S2−), CuS (OH−), GG/CuS were 
also studied to highlight beneficial effects of GG-X on the formation of 
CuS. 

GG − OH + NaOH + CS2→GG − OCS2Na (GG − X) + H2O (1)  

2CS2 + 6NaOH→Na2CO3 + Na2CS3 + Na2S + 3H2O (2)  

GG − X− − 2e→GG − X − X − GG (3)  

3.2. Characterization 

3.2.1. UV–vis spectrophotometry 
GG-X was characterized by UV–Vis spectrophotometry with ethyl 

xanthogenate (Et-X) as a reference compound to confirm the xanthation 
of GG. Similar absorption bands of around 302.5 and 300.5 nm from GG- 
X and Et-X reference are observed, while different Inorg-X impurities in 

the control solution possess a collective absorption band of around 
334.5 nm (Fig. 2a). Based on different absorption bands at 302.5 and 
334.5 nm, the purity of GG-X product can be monitored and confirmed 
(Fig. S1). The degree of substitution (DS) and grafting density (GD) of 
xanthate on guar gum are approximated as 0.132 (number of xanthate 
moieties per each anhydroglucose unit (AGU)) and 4.4% (percentage of 
-OH groups which have been xanthated out of three -OH groups in one 
AGU) respectively, based on the molar absorption coefficient of Et-X 
(supplementary data, SD). While CuS is insoluble in water, a green, 
transparent and homogeneous aqueous colloidal dispersion of GG-X/ 
CuS was easily studied by UV–Vis spectrophotometry (Fig. 2a) because 
of the stabilization effect of GG-X as a surfactant. GG-X/CuS shows a 
typical absorption spectrum of CuS that ranges from UV to visible light 
and near IR radiation [43]. 

. 

3.2.2. Cyclic voltammetry (CV) 
The presence of xanthate on GG is also confirmed by CV with Et-X 

reference compound, since xanthate can be oxidized electrochemically 
[44]. CV of the blank buffer (Fig. S7) shows a cathodic peak, corre-
sponding to the reduction of buffer solution. In the presence of Et-X and 
GG-X, anodic peaks of xanthate oxidation at 0.7 and 0.5 V (vs. Ag/AgCl) 
respectively are recorded and therefore, suggesting a possible electro-
chemical cross-linking approach of GG-X via covalent disulfide bonds 
(Eq. (3)). In addition, the cathodic peak of the buffer solution is not 
observed, and this might be due to the adsorption of Et-X or GG-X on the 
electrode surface, hence, inhibiting the charge transfer process to the 
buffer. 

3.2.3. FTIR spectroscopy 
IR spectra of GG, CuS (S2−), GG-X, GG-X/CuS were recorded and 

shown in Fig. 2b, c. Typical IR absorption bands of galactomannan 
backbone appear in all three spectra of GG, GG-X and GG-X/CuS. The 
O–H stretching vibration from hydroxyl groups and C–H stretching of 
CH2 groups can be found in the wavenumber range of 3000–3600 and 
2800–3000 cm−1 respectively. Meanwhile, absorption bands of around 
1640 cm−1 due to ring stretching, strong absorption peaks at 1143, 1064 
and 1014 cm−1 from C-OH bond, CH2OH stretching and CH2 twisting 
vibrations respectively, and typical peaks at 874 cm−1 for galactose and 
mannose are also observed [45–47]. 

IR spectrum of GG-X was compared to that of GG to emphasize new 
absorption bands at 1149 cm−1 (S-C-S stretching) and 1057 cm−1 (C––S 
stretching), ( [18]; Y [22].) indicating the successful xanthation of GG. 
The employment of inert gases in the synthesis of GG-X is also crucial for 
xanthation process since in the presence of O2, oxidation of xanthate 
functional groups might occur. Fig. S8 compares IR spectra of GG-X 
samples prepared in aerobic and anaerobic conditions. GG-X synthe-
sized under aerobic atmosphere also possesses similar absorption bands 
around 1149 and 1057 cm−1. Nevertheless, a new intensive absorption 
band around 1437 cm−1 due to the stretching of S––O bonds can be 
easily detected [48], suggesting the further oxidation of xanthate groups 
under aerobic synthesis. In addition, IR spectrum of CuS (S2−) reference 
shows no significant signals, while similar absorption bands of GG-X 
(especially at 1057 cm−1 due to C––S stretching) can also be found in 
GG-X/CuS, confirming the presence of GG-X. 

3.2.4. Powder X-ray diffraction (XRD) 
X-ray diffractograms of newly synthesized materials and their ref-

erences are shown in Fig. 2d to confirm their phase structures and pu-
rity. Both GG and GG-X possess broad peaks at similar 2θ values of 
around 18o, indicating the amorphous phase structure of GG and GG-X. 
XRD peaks of GG-X/CuS are identified at 2θ = 10.72, 27.20, 27.72, 
29.32, 31.84, 32.84, 38.88, 43.20, 44.40, 48.00, 52.76, 57.28, 59.40, 
and correspond to lattice plane indices (002), (100), (101), (102), (103), 
(006), (105), (106), (008), (110), (108), (202), (116), respectively, of 
covellite CuS (JCPDS file no. 79-2321) [49,50], hence CuS in GG-X/CuS 
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exists in covellite phase. A broad signal at 2θ of 20.56o is attributed to 
amorphous GG-X in GG-X/CuS. The XRD spectrum of GG-X/CuS shows 
strong and sharp diffraction peaks, suggesting its high crystallinity and 
purity. 

In addition, several reference samples prepared in the same reaction 
condition as that of GG-X/CuS were characterized by XRD to determine 
whether beneficial effects of GG-X on the formation of CuS covellite are 
due to the alkaline pH, the presence of guar gum and/or xanthate 
functional groups of GG-X. The crystallite size D of these samples was 
calculated from the (110) peak width through the well-known Scherrer 
eq. (SD) and is used to correlate the effects of GG-X on the formation of 
crystalline CuS covellite. X-ray diffractograms of CuS (S2−) shows a 
more distinct XRD pattern of CuS than those of CuS (OH−). CuS (S2−) 
also has a larger crystallite size of 11.7 nm than 9.1 nm of CuS (OH−), 
hence, excluding beneficial effect of OH− on the formation of CuS in this 
particular synthetic pathway. Additionally, GG/CuS prepared in alka-
line pH possesses broad peaks of CuS and much smaller crystallite size of 
5.1 nm, therefore, also disproving any beneficial effects of GG and OH−

on the formation of crystalline CuS. Among these X-ray diffractograms, 
GG-X/CuS has the most distinctly sharp XRD peaks of CuS and largest 
crystallite size of 15.6 nm, correlating the advantageous presence of GG- 
X in the formation of highly crystalline CuS, hence highly electrical 
conductivity of CuS [51]. 

3.2.5. Scanning electron microscopy - energy dispersive X-ray spectroscopy 
(SEM-EDS) 

SEM analysis on GG, GG-X and GG-X/CuS (Fig. 3a, b and g respec-
tively) shows irregular morphology of the three samples with particle 
size of around 30–90 μm. Meanwhile, aggregation of large-sized 

particles is observed in electron micrographs of GG-X and GG-X/CuS. 
This could be explained due to the presence of electrically charged 
xanthate functional groups in GG-X, hence, enhancing electrostatic 
interaction between particles. In addition, elemental mapping based on 
EDS was also employed to confirm the success of xanthation process, as 
well as the formation and distribution of CuS in GG-X/CuS nano-
composite. Fig. 3c, d, e, f show a uniform distribution of C, O and S el-
ements in GG-X, while Fig. 3h, i, j, k and l also show well-distributed C, 
O, S and Cu elements in GG-X/CuS nanocomposite. CuS particles in GG- 
X/CuS possess rod-like morphology and are distributed uniformly 
throughout GG-X structure (Fig. S9). The particle size distribution of CuS 
particles was plotted and fitted by Gaussian function to give an average 
length of 230 ± 31 nm (Fig. S10). 

3.2.6. X-ray photoelectron spectroscopy (XPS) 
XPS measurements were carried out on GG, Et-X, CuS (S2−), GG/CuS, 

GG-X/CuS, to confirm the presence of xanthate functional groups in GG- 
X and to study the interaction between GG-X and CuS in GG-X/CuS. The 
high-resolution XPS spectrum of sulfur S 2p for Et-X reference is shown 
in Fig. 4a. Two types of S 2p states are observed on the spectrum and due 
to spin-orbit coupling, these S 2p signals are present as doublets (S 2p 3/ 
2 and S 2p 1/2, separated by 1.2 eV). The high-intensity doublet at lower 
energy (S 2p 3/2 at 161.9 eV, S 2p 1/2 at 163.1 eV) is most likely from 
xanthate functional groups, while the low-intensity doublet at higher 
energy (S 2p 3/2 at 167.8 eV, S 2p 1/2 at 169.0 eV) could be attributed 
to sulfur in higher oxidation states, whose presence could have been 
caused by the oxidation of xanthate groups [52]. 

XPS spectra of GG-X sample were compared to those of GG reference 
sample to show that the main differences can be correlated to the 

Fig. 2. UV–Vis spectra (a) of Et-X, Inorg-X, GG-X and GG-X/CuS (greenish homogeneous solution in the vial) in carbonate-bicarbonate buffer solution at pH 10.5. IR 
spectra (b, c) of GG, CuS (S2−) references, GG-X synthesized under anaerobic atmosphere, and GG-X/CuS. XRD patterns (d) of GG, GG-X, stick pattern of CuS covellite 
(JCPDS file no. 79–2321), CuS (S2−), CuS (OH−), GG/CuS and GG-X/CuS. 
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presence of sulfur in GG-X. The S 2p spectrum of GG-X possesses two 
similar groups of peaks to those of Et-X (Fig. 4b). The first doublet at 
lower energy (S 2p 3/2 at 162.2 eV, S 2p 1/2 at 163.4 eV) confirms the 
presence of xanthate functional groups in GG-X. The atomic concen-
tration of sulfur from xanthate groups is also determined to be around 
0.2% (Table S6). Meanwhile, the second doublet of higher energy (S 2p 
3/2 at 167.7 eV, S 2p 1/2 at 168.9 eV) has a greater intensity than the 
lower energy doublet, suggesting the further oxidation of xanthate 
groups on the sample surface. 

XPS spectra of GG/CuS also indicate the presence of copper(II) 
(Cu2+) and sulfide (S2−) covellite in the sample (Fig. 4c for S-XPS, 
Table S7). The binding energy of Cu 2p 3/2 peak (932.7 eV), the general 
shape of the Cu 2p spectra, as well as the S 2p spectra (S 2p 3/2 at 162.1 
eV) agree with literature data on the presence of CuS copper(II) sulfide 
covellite [53–55]. XPS analysis of GG-X/CuS sample also confirms the 
presence of copper(II) sulfide (Cu2+ and S2−) covellite (Fig. 4d for S-XPS, 
Table S8). S 2p and Cu 2p spectra of GG/CuS and GG-X/CuS show peaks 
in the similar range. More interestingly, while the atomic concentrations 
of Cu2+ and S2− in GG/CuS are measured as 0.67 and 0.81% respec-
tively, the atomic concentrations of Cu2+ and S2− in GG-X/CuS are found 
approximately five times greater, of 3.45 and 4.54% respectively. As CuS 
in GG/CuS and in GG-X/CuS was synthesized in the same reaction 
conditions, this implies a much stronger interaction between CuS and 
GG-X than between CuS and GG due to the presence of xanthate groups. 

3.2.7. Thermogravimetric analysis - differential scanning calorimetry 
(TGA-DSC) 

Thermal properties of GG-X, GG-X/CuS, as well as GG and CuS (S2−) 
references were studied by TGA-DSC. TGA and derivative of weight loss 
(DTG) thermograms of these materials are shown in Fig. 4e and f. Both 
GG and GG-X possess an initial endothermic weight loss of 8.61% and 
8.41% due to water desorption at around 78 and 72 ◦C respectively. 
Thermal degradation of galactomannan chains in GG is detected in the 
temperature range of 225–425 ◦C, with the largest weight loss at 314 ◦C 

based on DTG and three endothermic events at around 246 ◦C, 315 ◦C, 
396 ◦C on the DSC thermogram (Fig. S11a). This decomposition tem-
perature range is commonly found in galactomannan polysaccharides 
under N2 inert atmosphere [45]. Meanwhile, a similar endothermic 
degradation of galactomannan chains is also observed in GG-X within a 
lower temperature range between 150 and 375 ◦C, with the largest 
weight loss at 251 ◦C from DTG and two major endothermic events at 
around 244 ◦C, 366 ◦C from DSC (Fig. S11c). These temperature ranges 
are also in good agreement with typical decomposition temperature 
ranges of compounds which contain xanthate functional groups, hence, 
confirming the presence of xanthate in GG-X [56]. The lower thermal 
stability of GG-X comparing to GG might be attributed to the loss of -OH 
functional groups during the xanthation process, resulting in the 
disruption of the original hydrogen bonding system in GG [57,58]. 

Thermograms of CuS (S2−) reference (Fig. S11b) show an initial 
weight loss of 1.88% at around 105 ◦C due to the endothermic desorp-
tion of water. Two other endothermic events are also observed within 
the temperature range of 180 and 300 ◦C, corresponding to a total 
weight loss of 10.85%, because of the removal of lattice water in the 
crystalline structure of CuS. Thermal decomposition of CuS gradually 
into CuxS (1 < x ≤ 2) and vaporization of S also occurs endothermically 
at around 409 ◦C to give a weight loss of 6.20% [59,60]. The endo-
thermic water desorption of GG-X/CuS occurs at temperature above 
100 ◦C and reaches its greatest weight loss of 9.04% at around 161 ◦C 
according to DTG (Fig. S11d). A significant weight loss of 10.66% is also 
observed within the temperature range of 200–300 ◦C, which can be 
attributed mainly to the thermal decomposition of xanthate functional 
groups and/or the removal of lattice water in GG-X/CuS. Above 300 ◦C, 
another weight loss of 9.68% is detected and could be due to the thermal 
degradation of xanthante functional groups, galactomannan backbone 
and/or CuS into CuxS (1 < x ≤ 2). 

Fig. 3. Electron micrographs of GG (a), GG-X and its elemental mapping (b-f), GG-X/CuS and its elemental mapping (g-l).  
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3.3. Metal ion complexation of GG-X 

Potential applications of GG-X in metal ion complexation are 
demonstrated with various metal ions of 2+ and 3+ electrical charges to 
form gel-like materials (Fig. 1b). Using the hard and soft acid and base 
(HSAB) theory, metal ions of interest can be classified as hard (Al3+, 
Cr3+, Fe3+), borderline (Zn2+, Sn2+, Fe2+, Co2+, Ni2+, Cu2+, Pb2+), and 
soft (Cd2+, Pt2+) acids, while S-based xanthate functional group is a soft 
base. The obtained gel-like products formed by different metal ions have 
good agreements with HSAB theory as the coordinating capacity of soft 
xanthate bases becomes stronger towards softer acids (Fig. 5a, S5 in SI) 
[16]. In addition, control experiments on the complexation of original 
unxanthated GG were done to show a reverse behavior of GG-based gel- 
like materials (Fig. S6). Under similar pH condition of around 10, -OH 
groups on GG can be deprotonated partially to become alkoxides. These 

O-based alkoxide chelating moieties are classified as hard bases and 
therefore, interacting more strongly with hard (Al3+) and borderline 
(Pb2+) acids rather than soft (Cd2+) ones. 

3.4. Sensing application of GG-X/CuS 

In order to explore the chemical sensing capability of GG-X/CuS, 
electrical responses of GG-X/CuS to relative humidity (RH) was first 
studied and compared to other reference materials, namely, the bare 
IDE, GG, GG-X, CuS (S2−) and GG/CuS (Fig. S13), using a low-cost 
wireless Arduino platform, which was manually assembled in our lab 
[41]. At RH of around 5%, all bare-IDE, GG and GG-X reference sensors 
show high resistance of 500–600 kΩ. As the RH increases from 5 to 
100%, the resistance of these decreases significantly to around 15–30 
kΩ. Several cycles of changing RH were performed to show good 

Fig. 4. Sulfur XPS spectra of Et-X (a), GG-X (b), GG/CuS (c), GG-X/CuS (d); TGA (e) and DTG (f) thermograms of GG, CuS (S2−), GG-X and GG-X/CuS.  
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reversibility of these reference electrodes. Meanwhile, the CuS (S2−) 
reference sensor shows a much lower resistance, of around 81 Ω, and its 
resistance is independent of RH changes. In the presence of GG, the GG/ 
CuS nanocomposite reference sensors, on the contrary, show responses 
to RH variation with good reversibility. The resistance of GG/CuS sen-
sors varies within the range of 57–95 Ω as the RH changes between 5 and 
100%. More interestingly, when GG-X is used to form the nano-
composites with CuS instead (GG-X/CuS), not only reversible responses 
of GG-X/CuS to RH changes are observed, but also a greater range of 
resistance changes (98–301 Ω) is recorded, indicating higher sensitivity 
comparing to GG/CuS. These results confirm the importance of 
employing GG-X in the fabrication of CuS-based humidity sensors. 

Fig. 5b shows the responses of GG-X/CuS sensors to RH changes 
under vacuum-exposure cycles in terms of normalized resistance. The 
sensors were first exposed to vacuum to establish the baseline of the 
graph, and RH = 80% was then chosen to normalize the electrical 
resistance. When the RH decreases from 80 to 10%, a linear decrease in 
the normalized resistance is obtained (y = 0.00803× + 0.06652, 
Fig. 5b). During these vacuum-exposure cycles, even though some de-
gree of hysteresis might be observed, the sensors still show good 
reversible responses towards RH changes. These electrical behaviors of 
GG-X/CuS nanocomposite share similarities with other reported com-
posites, which are also made of CuS nanoparticles and carrageenan 
polysaccharides containing O-based sulfonic functional groups [40]. 
The varying resistance of GG-X/CuS sensor with respect to changes in 
RH might be due to changes in electrical permittivity of GG-X/CuS 
nanocomposite and/or the swelling of hydrophilic GG-X component in 
the composite, which results in an increase in the distance and the 
hopping conductivity between CuS nanoparticles, hence, changing the 
overall electrical properties of GG-X/CuS nanocomposite upon water 
exposure. ( [61,62]. 

Further investigations on the sensing capability of GG-X/CuS nano-
composite to volatile organic compounds (VOCs) of different polarity 
such as toluene, acetone, hexanol were also carried out (Fig. S14). GG-X/ 
CuS does not show positive responses to a wide concentration range of 
the tested VOCs, which might be attributed to the hydrophilic nature of 

GG-X. 

4. Conclusion 

In this work, GG has been chemically conjugated by xanthate func-
tional groups via a simple aqueous xanthation reaction to yield GG-X. 
This newly functionalized polysaccharide possesses great potentials in 
developing numerous novel materials due to the polymeric hydrophilic 
nature of GG as well as the rich coordination chemistry of xanthate. The 
presence of conjugated xanthate moieties in GG-X product has been 
confirmed and studied by UV–Vis, CV, FTIR, XRD, SEM-EDS, XPS and 
TGA-DSC. Demonstrations on the complexation of GG-X with various 
metal ions have shown good agreements with HSAB theory, indicating 
that GG-X can be used not only for metal ion extraction and removal, but 
also the preparation of gel-like materials and hydrophilic nano-
composites. As a result, the GG-X/CuS nanocomposites were prepared 
and characterized to highlight the significance of GG-X in developing 
metal sulfide semiconductor-based humidity sensors. Due to the hy-
drophilic, polymeric properties and xanthate groups of GG-X, a homo-
geneous aqueous dispersion of CuS can be easily obtained, allowing a 
simple fabrication of future electrical sensors and device. More impor-
tantly, GG-X is the essential component that gives good electrical re-
sponses to humidity changes in CuS-based humidity sensors. In order to 
realize GG-X/CuS nanocomposites as a fully functioning, commercial 
humidity sensors, further optimization of the preparation and fabrica-
tion of GG-X/CuS sensors is of great interest for future research. 
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