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Rare earth thulium tri chloride (TmCl3) has consistent distribution of brick shaped, 
rectangular particles with monoclinic crystal structure and 92 nm crystallite size. Density of 
dislocation is 1.181 × 1014m-2. The calculated strain is 3.788 × 10−4. The refractive index is 
3.067, and the energy gap is 5.26 eV. Optical studies on TmCl3 assigns  energy level 
transitions. Low-temperature magnetic studies upto 20K have revealed intriguing phase 
transitions between 50 and 99K which may be paramagnetic to antiferromagnetic transition. 
Investigation of aqueous solution of TmCl3 exhibits wider potential window 2.86V 
indicating electrochemically superior nature of the electrolyte.  
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1. Introduction  
 
Lanthanide materials are the subject of the most research because of its use in astronomy, 

medicine, lasers, and remote sensing. The presence of a rare earth ion  show broad, wide emission 
[1–5]. Appropriate rare earth ions that produce emission at a specific wavelength are used in the 
design of optical devices. Mid-IR pump lasers and medical applications have been found to use 
thulium [6, 7].Thulium is a rarest  rare earth metal [1-8].  A vivid blue luminescence is displayed by 
Tm3+ ions [2–9]. Thulium is used for laser manufacturing and for surgical purposes. Thulium is used  
in handheld x-ray machines as radiation  source and in nuclear reactions.  It is used in microwave 
devices [1-8]. When exposed to ultraviolet light, thulium fluoresces blue. Euro banknotes include 
thulium as a deterrent to counterfeiting [3–10]. Tm-doped calcium sulfate's blue fluorescence has 
been utilized in personal dosimeters to visually monitor radiation exposure [2–9]. The production of 
effective electricity-generating windows based on the luminescent solar concentrator uses Tm-
doped halides.[4-11]. Thulium with atomic number  69 has +3  oxidation state  in halides, oxides 
and other substances. The +2 oxidation state of thulium is likewise stable [12]. The magnetic 
property of rare earths depends on  4f shell electrons [13].  Thulium remains a unique model object 
for fundamental studies on magnetic. It displays paramagnetism above 56 K, antiferromagnetism 
between 32 and 56 K, and ferromagnetism below 32 K [12]. Thulium chloride is used for the 
manufacturing of thulium compounds and chemical reagents [14]. It is a source of crystalline 
thulium soluble in water. When chlorides dissolved in water, it conducts electricity. Electrolysis 
decomposes compounds of chlorides into metal and gas of chlorine [15]. In addition to the evident 
possibilities of practical applications, Thulium finds commercial applications. Thulium is used in 
the creation of lasers. Stable Thulium-169 is served as a source of radiation in x-ray portable devices. 
It has potential usage in ceramic magnetic materials and ferrites in the equipment of microwaves. 
Calcium sulphate doped with Thulium finds usage in radiation dosimeters since its fluorescence 
register even for low levels [16]. It is also used in production of glass and some oxides of high-
temperature superconductors [17]. Chlorides and acetates of rare earth are used in making 
waterproof and acid-resistant fabrics [18]. In addition,  new areas of applications were recently 
demonstrated.  During the synthesis of NaYF4:Y/Tm  upconversion nanocrystal hybrid structure 
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semiconductor finds application in enhanced near infra-red photocatalysis [19].  Thulium chloride 
has numerous applications in the field of lasers, phosphors, glass, ceramics, and doping agents for 
amplifiers of fiber. Motivated by these applications,  thulium chloride is studied and reported.  

 
 
2. Methods 
 
TmCl3, a rare earth white color compound as powder, as synthesized from alfa aesar is 

characterized. The structure of TmCl3 sample was confirmed by PANalytical X'Pert Pro XRD 
diffractometer (XRD) using Cu Kα radiation. The EVO-18 model CAREL ZEISS made scanning 
electron microscope (SEM) recording. At the same time, the Perkin Elmer Lambda 35 
spectrophotometer for Ultraviolet-Visible (UV–VIS) spectrum, the VARIAN Cary Eclipse 
Fluorescence spectrophotometer for luminescence (PL) spectrum, and the Perkin Elmer BX model 
spectrophotometer for Fourier transform infrared (FTIR) spectrum are used.  A Lakeshore model 
VSM 7410 performs  magnetic measurements in low temperatures. The Bio-Logic VSP potentiostat 
model was used for electrochemical measurements. 

 
 
3. Results and discussions 
 
3.1. Studies on surface morphology and structure  
The SEM image (Figure 1) of TmCl3 at 500× magnification reveals an intriguing 

morphology of    uniformly dispersed, almost rectangular brick-shaped particles. Figure 2 displays 
the TmCl3 XRD pattern. By using the least-square-fit approach, cell characteristics are ascertained 
and the peaks are indexed. 

 
 

 
 

Fig. 1. SEM image of TmCl3. 
 

 
 

Fig. 2. XRD pattern of TmCl3. 
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TmCl3 is crystallized in monoclinic structure. The lattice parameters are 6.786±0.01Å, 
b=11.730±0.01Å, c=6.399±0.02Å, α=γ=90º, β=110.5º, V=477.1Å3. These agree with ASTM file 
35-1413. The size of the crystallite, determined by XRD, is 92nm, by Scherrer equation [20-22]. 
The density of dislocation is 1.181 × 1014 m-2. There is 3.788×10−4 strain [20-22]. The crystal 
parameters deduced from the XRD data for TmCl3 are shown in Table 1. 
 
 

Table 1. XRD data for TmCl3. 
 

Sl.No 2θ d (Ǻ) I/I0
 hkl Sl.No 2θ d (Ǻ) I/I0

 hkl 

1 13.726 6.4461 100.00 001� 24 44.349 2.0409 8.44 132 
2 14.233 6.2178 17.01 001 25 44.738 2.0241 9.40 123� 
3 15.094 5.8650 5.26 020 26 46.147 1.9655 5.58 013 
4 16.596 5.3374 91.77 011 27 47.360 1.9179 14.35 023 
5 17.787 4.9826 11.07 110 28 48.176 1.8874 7.83 241 
6 18.537 4.7827 4.79 011� 29 49.251 1.8486 6.74 061 
7 19.799 4.4806 2.63 021 30 50.468 1.8069 0.87 311 
8 20.473 4.3346 5.10 021� 31 52.108 1.7538 1.54 313� 
9 23.118 3.8442 2.73 101 32 52.988 1.7267 3.36 323� 
10 25.336 3.5125 12.29 130 33 55.249 1.6613 4.59 331 
11 26.401 3.3732 9.81 111 34 56.851 1.6182 12.90 171� 
12 27.579 3.2317 40.13 131� 35 57.748 1.5952 1.70 104� 
13 28.606 3.1180 7.36 112� 36 59.161 1.5604 0.83 410 
14 29.154 3.0607 74.02 002 37 60.376 1.5319 3.09 420 
15 31.565 2.8321 3.27 040 38 61.306 1.5109 6.67 171 
16 35.010 2.5609 5.94 041 39 62.048 1.4946 2.20 172� 
17 35.837 2.5037 8.78 201 40 63.818 1.4573 0.58 213 
18 36.913 2.4332 2.27 211 41 64.528 1.4430 2.41 024� 
19 37.648 2.3873 1.94 032 42 65.718 1.4197 1.09 223 
20 39.671 2.2701 10.19 221 43 70.235 1.3391 4.64 344� 
21 41.250 2.1868 3.70 150 44 74.210 1.2769 3.20 441 
22 41.860 2.1563 53.03 240 45 76.417 1.2454 2.34 313 
23 42.979 2.1027 1.49 300 46 77.518 1.2304 4.55 323 

Structure a in Å b in Å c in Å V in  
Å3 

Dislocation Density 
m-2 Strain 

Monoclinic 6.786±
0.01 

11.730 
±0.01 

6.399 
±0.02 477.1 1.181× 1014  3.788× 10−4 

 
 
3.2. Optical  studies 
Figure 3 displays UV-VIS spectrum. In the UV zone, the absorption is high at roughly 

208.2nm. TmCl3 can, therefore, be employed as a filter in the UV range. Furthermore, a high 
transmittance is seen, with absorption peaks in the visible spectrum. The broad transmission range 
of TmCl3 between 300 and 1100 nm makes it a viable candidate for use in the optoelectronic industry. 
The electron configuration of Tm3+ is [Xe]4f12. It is an ion of infrared laser.  

The absorption spectrum of trivalent Thulium has a peak at 357.8nm, which is closer to the 
third harmonic Nd: YAG laser pulsing at 355nm. The ground state 3H6 absorption of 1D2, 1G4, 3F2, 
3F3, 3F4, and 3H4 levels is represented by absorption peaks at 357.8, 465.6, 682.8, 702.4, 773.5, and 
800.6 nm, respectively. 3F4→1G4 and 3H5→1G4 transitions are represented by 658.4 and 791.7nm 
absorption peaks, respectively [23-27]. 

The energy gap measured in Figure 4, which plots (αhυ)1/2 against energy [28-30], is 5.26 
eV. The Urbach energy is 0.1509 eV based on the Urbach plot (Figure 5). From optical energy gap, 
refractive index of 3.067 is derived using the relation, 
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Fig. 3. UV-visible asorbance spectrum  of TmCl3. 
 

 

 
 

Fig. 4. (αhυ)1/2 versus  energy for TmCl3. 
 

 

 
 

Fig. 5. Urbach plot of TmCl3. 
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Figure 6 shows the emission spectrum of PL. with excitation wavelength 390nm. A strong 

UV emission  (~388.3 nm), blue weak emission (~459.3 nm), and red moderate emission (~788.8 
nm) corresponds to 1D2→3H6 , 1G4→3H6 and 1G4→3H5 transitions [31]. 

Figure 7 displays the TmCl3 FTIR spectrum. Assignments to absorption frequencies are 
shown in  Table 2. The O─H bond is ascribed to the broad trough centered at 3364.4cm-1, extending 
from 2722.7 to 3692.9 cm-1[32-33]. This suggests the hygroscopic character of the material. Tm-Cl 
bonding corresponds to fingerprint region bands at 602.5 and 495.2cm−1 [34].  
 
 

 
 

Fig. 6. PL Spectrum of TmCl3. 
  
 

 
 

Fig. 7. FTIR   of  TmCl3. 
 
 

Table 2. FTIR assignment of  TmCl3. 
  

Wave Number  in cm-1 Assignment 
3364.4 O-H  
2248.4 O-H 
1631.7 O-H  
602.5 Tm-Cl 

 495.2 Tm-Cl 
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3.3. Low temperature magnetic studies  
According to reports, Thulium is ferromagnetic below 32 K, antiferromagnetic between 56 

and 32 K, and paramagnetic beyond 56 K [35]. TmCl3 demonstrates zero field cooled (ZFC) and 
field cooled (FC) characterization utilizing a vibrating sample magnetometer in Figure 8. They are 
both inherently reversible. Magnetic susceptibility decreases until it approaches saturation as 
temperature increases. In field cooling, 2000 Oe is the applied field that aligns almost all spins  of 
Thulium and results almost crystal's magnetism saturation. As a result, there is cooperative contact 
between thulium spins. According to published literature, the ZFC and FC cooling curves exhibit 
some phase transition between 50 and 99K. This phase shift may be the result of a paramagnetic to 
antiferromagnetic transition [35-38]. The M-H curve of TmCl3 at 300K in Figure 9 confirms the 
sample's paramagnetic composition.  

 

 

 
 

Fig. 8. ZFC and  FC  magnetic behavior of  TmCl3. 
 
 

 
 

Fig. 9. M-H  curve of  TmCl3. 
 
 
3.4. Electrochemical analysis of electrolyte 
Inorganic salts soluble in water are the greatest option for aqueous electrolytes utilized in 

most of the pseudocapacitors since they may be employed directly as electrodes and provide  
significant amount of free cations. The creation of innovative inorganic pseudocapacitors is fraught 
with difficulties. Certain materials used for pseudocapacitor electrodes had particular capacitance 
values that were higher than those predicted value. Typically, pseudocapacitors have shorter cycle 
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lives and lower energy densities[39]. According to reports, the issue with the ionic level can be 
resolved by creating water-soluble inorganic salt pseudocapacitors and using commercially 
available inorganic salts as an alkaline electrolyte's electrode materials [39]. Previous research has 
demonstrated that reactive cations in water-soluble inorganic salt pseudocapacitors can change into 
colloids [39]. These colloids contribute high responsiveness towards electrochemical redox 
processes. 

Considering their electrochemical properties, aqueous electrolytes are more versatile than 
non-aqueous solvents in terms of their uses. However, they are hampered by quick water electrolysis 
in aqueous electrolytes, creating small potential window. The thermodynamic potential window of 
1.23V for water is well known. Potential window width is an essential parameter in the field of 
capacitors. Capacitors, which employ aqueous electrolytes, should go hand in hand with potential 
window extension. The cyclic voltammogram measures the electrochemical performance of TmCl3 
nanoparticle electrolytes by system  with  three  electrodes. The reference electrode is a saturated 
calomel electrode, and the counter electrode is a platinum (Pt) plate. Glassy carbon is an active 
electrode. An electrolyte solution containing 1 milligram TmCl3 in ten milliliters  double-distilled 
water is utilized. 

 
 

 
 

Fig. 10. Cyclic voltammogram of TmCl3 in electrolyte. 
 

 
By using cyclic voltammogram, the electrolyte shows the broadest potential window of 

2.86V, ranging from -1.26V to 1.6V (Fig.10).  It attests to its superior electrolyte composition, 
making it suitable for a greater potential range of possible device uses. Figure 10 shows a TmCl3 
cyclic voltammogram at 30mV/s scan rate. It exhibits characteristic oxidation peaks at -0.706V and 
-0.028V, corresponding to Tm2+ and Tm3+ ion indicating pseudocapacitive behavior [40-42]. Due to 
the Tm3+ contribution, three reduction peaks were detected at 0.75V, -0.18V, and -0.59V. It shows 
the irreversible process brought on by the electron transfer process. The CV curve's area is 6.1749E-
5. The computed specific capacitance is 360mF/g. 

 
3.5. Impedance analysis 
Nyquist graph of TmCl3 is depicted in Figure 11 to understand  electron transfer process. It 

displays two half-circles. One shows a large semicircle of charge transfer resistance (8.838Ω) and 
series resistance (Rs. 1.148Ω), suggesting a significant contribution from charge transfer resistance 
[43–46]. Another extremely small semicircle with charge transfer resistance Rct 0.812Ω and series 
resistance Rs 0.445Ω is depicted  as extended inset by arrow. Figure 11's  inset  displays  the  
equivalent Randles circuit model for the Nyquist plot. When both diffusion and kinetics are 
important, it can be applied to explain processes at the electrode [46].  
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The Warburg element, or 𝑍𝑍WAR, which contains species diffusion coefficient data, is made 
up of a double-layer capacitor C, solution resistance (𝑅𝑅Ω), and charge transfer resistance. The 
Warburg impedance (Figure 11) shows a 45° sloping straight line under semi-infinite conditions. 
[47-48]. Strong contribution of charge transfer resistance is seen in big circles in impedance analysis, 
which aligns with CV studies. 

 
 

 
 

Fig. 11. Nyquist Plot for TmCl3. 
 
 
4. Conclusions 
 
Brick-shaped particles with a homogeneous distribution are present in trivalent 

Thulium chloride. Lattice parameters are a=6.786±0.01Å, b=11.730±0.01Å, c=6.399±0.02Å, 
α=γ=90º, β=110.5º, and V=477.1Å3, confirms monoclinic structure. The size of the crystallite is 
92nm. Density of dislocation is 1.181 × 1014m-2. The calculated strain is 3.788 × 10−4. According to 
a cyclic voltammetry investigation, an aqueous solution of TmCl3 was found to have a widest 
potential window 2.86V indicating that it was electrochemically superior. It was observed that 
TmCl3 pseudocapacitor electrodes in alkaline electrolytes underwent a crystallization change. 
Chemical coprecipitation and faradaic redox processes were used to crystallize the electrochemically 
reactive colloids. According to impedance study, the charge transfer resistance is 8.838Ω, and series 
resistance Rs is 1.148Ω. As a result, TmCl3 presents itself as a viable rare earth electrode material 
for use in supercapacitors. Energy gap is deduced as 5.26eV. Low temperature magnetic studies on 
TmCl3 show paramagnetic behavior at room temperature with interesting phase transitions between 
50 and 99K. 
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