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[bookmark: _Hlk150453512]Abstract: 
[bookmark: _Hlk158113226]The efficiency of thermoelectric (TE) technology relies on the performance of TE materials. Substitution with heavy elements is an effective strategy in TE for enhancing phonon scattering without much affecting electrical transport properties. However, selecting suitable dopants to achieve a high thermoelectric figure-of-merit (ZT) poses a significant challenge. Thus, in this study, the efficacy of combined (Fe and Bi) co-substitution in CrSb2 is investigated as a promising strategy to enhance ZT by lowering thermal conductivity. A series of co-doped Cr1-xFexBiySb2-y (x = 0, 0.25, 0.50, 0.75, 1 and y = 0.10, 0.15, 0.20,0.25) samples were synthesized via furnace reaction followed by spark plasma sintering technique. Phase analysis and temperature dependence TE transport properties were systematically studied on synthesized samples. Furthermore, to analyze the impact of disorder induced by Bi/Fe substitution, electronic structure calculation was performed using the projector augmented-wave method. Notably, Cr0.75Fe0.25Bi0.15Sb1.85 exhibited a low thermal conductivity of ~ 2.5 W m-1 K-1 at 300 K, which reduced to half compared to that of pristine CrSb2 (~ 5 W m-1 K-1). This reduction is attributed to the introduction of significant mass fluctuations and point defects along with the presence of Bi at grain boundaries by co-substitution. Consequently, a remarkable 90% enhancement in ZT (~0.021) at 350 K was achieved for Cr0.75Fe0.25Bi0.15Sb1.85 compared to that of pristine CrSb2 (ZT~0.012). This study can provide valuable insights into the rational design of effective dopants in other TE materials also.
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1. Introduction
The development of eco-friendly technologies is vital to reach the global goal of achieving net-zero emissions [1–5]. Additionally, as the use of Internet of Things (IoT) devices grows, there's a rising need for power sources that can independently capture energy from their surroundings. Solid-state thermoelectric devices have the potential to manage heat effectively by converting it directly into electricity and vice versa [6–9]. In recent years, there's been a significant focus on improving high-performance thermoelectric (TE) materials to enhance conversion efficiency and make this technology more widely applicable. The efficiency of TE materials is measured using a dimensionless figure of merit (ZT), defined as ZT =  , where α is the Seebeck coefficient, σ is electrical conductivity, κTot is total thermal conductivity i.e., (κele+κLatt), and T is absolute temperature [3].
Recently, a series of high-performing TE materials have been investigated i.e., Bi2Te3 -based-materials [10–13], PbTe-based compounds [14–18], skutterudites [19–23], half-Heusler alloys [24–29], Zintl compounds [30–38] and so on. Furthermore, semiconductors with a narrow band gap and 3d electronic states near the conduction and valence band edges have garnered significant interest [39–41]. Among them, CrSb2 (antiferromagnetic compound) is one such material that has an orthorhombic marcasite structure with narrow band gap of ~ 0.07 eV and would be a promising candidate for thermoelectric applications [40,42,43]. The magnetic properties of doped CrSb2 i.e., Cr1-xFexSb2 and Cr1-xRuxSb2 have been reported by Kjekshus et al. [44] and Takahashi et al. [45] respectively. Later, H. J. Li et al. [46–50] studied temperature-dependent TE properties of different doped CrSb2 samples. They showed that doping in CrSb2 leads to a synergistic reduction in thermal conductivity while simultaneously optimizing carrier concentration. For instance, the strategic doping of Mn at Cr [50] and Te at Sb [49] in CrSb2 resulted in a simultaneous reduction of electrical resistivity and thermal conductivity. Among them, the Te doping at Sb-site demonstrated a significant enhancement in the thermoelectric performance of CrSb2 [49]. However, thermal conductivity was not decreased up to the mark which is still high ~ 10 W m-1K‑1 at ~313 K and limited their ZT value to low value. Thus, enhancing the thermoelectric ZT in CrSb2 involves a balance between optimizing electrical transport properties with suppressing thermal conductivity. In this content, substitution or co-substitution with heavy elements has been a conventional strategy to enhance phonon scattering without compromising electrical transport properties [51–54]. However, the selection of dopants that can achieve a substantial improvement in ZT remains a difficult challenge. 
The present study investigates the promising way of combined (Fe and Bi) doping in CrSb2, aiming to synergistically enhance ZT by effectively reducing thermal conductivity. A comprehensive exploration of the electrical and thermal transport properties of a series of (Fe, Bi) co-doped CrSb2 compounds forms the basis of this investigation. Notably, Cr0.75Fe0.25Bi0.15Sb1.85 exhibits a remarkable 50% reduction in thermal conductivity compared to pristine CrSb2. The involved interplay between (Fe, Bi) co-substitution and the induced disorder, elucidated through electronic structure calculations, contributes to the understanding of the observed enhancements in ZT. These findings can provide valuable insights into the rational design of dopants in other thermoelectric materials also.
2. Experimental and computational details
Synthesis details: Doped samples with the specified composition of Cr1-xFexBiySb2-y (x = 0, 0.25, 0.50, 0.75, 1 and y = 0, 0.10, 0.15, 0.20, 0.25) were precisely prepared by weighing high-purity Cr, Fe, Sb, and Bi ingots in a stoichiometric ratio within an argon-filled glove box. Subsequently, the accurately weighed samples were completely sealed in a quartz tube under a vacuum of 10-3 mbar and subjected to heat treatment within a furnace, as illustrated in Figure S1. Following the furnace reaction, the resulting samples were finely crushed into powders using a mortar and pestle, and then loaded into a graphite die with an approximate diameter of 10 mm. After that using spark plasma sintering (SPS), circular dense pellets were successfully formed, where, the pellet density was determined through the Archimedes principle, with the corresponding data presented in Table S1. It is noteworthy that the sintering conditions underwent optimization through experimentation at different temperatures, as detailed in the Results and Discussion section. 
Characterizations: X-ray diffraction (XRD) patterns were acquired using a SmartLab3 X-ray diffractometer (Rigaku) with Cu Kα radiation, employing a scanning speed of 4°/min. The XRD Rietveld refinement was done for present samples by FullProf Suite Rietveld software. Surface microstructure and compositional analysis were studied by FESEM (Hitachi SU8000) with energy dispersive spectroscopy (EDS, XFlash FlatQUAD 5060F). Moreover, the temperature-dependent transport properties, specifically electrical conductivity and Seebeck coefficient of bulk samples, were measured from room temperature to 513 K using a ZEM-3 instrument under a partial helium atmosphere. Thermal diffusivity was also characterized by a LFA 467 apparatus from NETZSCH, with an uncertainty of ± 3%. Additionally, total thermal conductivity was determined using the equation κTot = λcPD, where λ represents the thermal diffusivity measured by the LFA 467 equipment, cP denotes the specific heat, and D stands for the density of the samples.
Computational details: The spin-polarized electronic structure calculations are carried out using the projector augmented-wave method as implemented in Quantum Espresso code [55] within density functional theory [56]. The exchange-correlation functional of Perdew, Burke, and Ernzerhof (PBE) [57] is used under the generalized gradient approximation + U (GGA + U) [58] method. Here, U is the one-site Coulomb interaction, which is used to address the correlation effects. The U for both Cr 3d and Fe 3d is chosen as 3 eV in the calculations [59]. The unit cell of CrSb2 contains two formula units, which means Cr2Sb4. Hence, we made 2 × 1 × 1 and 2 × 2 × 1 supercells to get a stoichiometry of Cr0.75Fe0.25Sb2 (Cr3FeSb8) and Cr0.75Fe0.25Sb1.875Bi0.125 (Cr6Fe2Sb15Bi), respectively. Here, it is important to note that the calculation of Cr0.75Fe0.25Sb1.875Bi0.125 is used to address the experimentally synthesized Cr0.75Fe0.25Sb1.85Bi0.15 compound. The k-mesh sizes of 8 × 8 × 16, 4 × 8 × 16 and 4 × 4 × 16 for the CrSb2, Cr0.75Fe0.25Sb2 and Cr0.75Fe0.25Sb1.875Bi0.125 compounds, respectively, are used in the calculations. While the energy convergence criteria for the self-consistent field calculation were set to be 10-8 Ry. The calculations are done in the Pnnm (58) space group with the optimized lattice parameters (Table1). 
3. Result and Discussion:
3.1 Optimization of sintering temperature
The synthesis of CrSb2 is usually done by solid-state reaction route followed by hot-pressing as mentioned in previous reports [47–49]. In this work, we have employed the spark plasma sintering (SPS) technique to fabricate these bulk samples. The SPS technique surpasses traditional hot-pressing methods because of its uniform heating that ensures homogeneity, while the pulsed current helps in fine microstructure control and minimizes impurities along with enhanced densification. Moreover, due to the limited literature on the fabrication of CrSb2 bulk pellets through SPS, we initiated a systematic investigation to enhance density of samples. The optimization process involved sintering within the temperature range of 350 °C to 600 °C utilizing the SPS technique. This systematic approach was undertaken to address the existing gaps and to establish an optimal temperature regime for the effective synthesis of CrSb2 bulk pellets through SPS. The density versus sintering temperature for CrSb2 (with sample picture) is shown in Figure 1. 
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Figure 1: Density obtained at different sintering temperatures for CrSb2.
Notably, sintering at temperatures below 500 °C results in the formation of low-density samples, while sintering at 550 °C yields high density of 98%. Further increase in the sintering temperature (exceeding 550 °C), leads to a decline in density, which may be due to excessive heating that can lead to abnormal grain growth and volatilization of elements [60]. This can result in increased porosity as the material may not pack as efficiently which can be seen in Figure 1. Thus, 580 °C emerges as the optimal sintering temperature for achieving high-density sintering. Subsequently, to enhance density further, the reacted powder was subjected to one hour of milling after the furnace reaction followed by SPS. Interestingly, the relative density was found to be increased from 98% to 99% by sintering this ball-milled powder at an optimized temperature (@ 550 °C). This outcome highlights the effectiveness of the milling and SPS process in further improving the material density. Apart from the density optimization, both non-milled and ball milled CrSb2 samples are also characterized through the X-ray diffraction (XRD) pattern and FESEM. The XRD pattern for bulk and 1 hr. ball milled sample matches well with the orthorhombic CrSb2 phase (space group Pnnm), as shown in Figure S2. However, it is important to note that the peaks in the milled sample appear broader compared to the non-milled sample which is indicative of a reduction in grain size as evident in SEM Figure S3. This reduction in grain size is helpful in mitigating thermal conductivity by effectively scattering phonons, contributing to the enhanced thermoelectric properties of the material [61]. 
3.2 Effect of Fe-substitution in Cr1-xFexSb2
After optimizing sintering conditions, alloying with Fe (at concentrations of 25%, 50%, 75% and complete replacement of Cr) was carried out at the Cr-site in CrSb2. This strategic alloying aims to achieve a reduction in thermal conductivity through mass mismatch effects. Moreover, by substituting Fe (1.26Å) at the Cr site (1.30 Å), we anticipate influencing the lattice dynamics and phonon scattering mechanisms, leading to enhanced control over the thermal transport properties [62]. Employing the optimized ball milling and sintering conditions as detailed in the above section, the synthesis of Fe-alloyed CrSb2 samples was successfully accomplished. Subsequently, these Fe-alloyed samples underwent an extensive characterization for their structural and transport properties using XRD, SEM, EDAX and the ZEM-3 instrument, as elaborated in the forthcoming section.
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Figure 2: XRD pattern with varying Fe concentration of Cr1-xFexSb2(x = 0, 0.25, 0.50, 0.75 and 1).
3.2.1 Structural Investigation
The XRD pattern for Cr1-xFexSb2 is depicted in Figure 2. The primary XRD peaks are attributed to the orthorhombic CrSb2 phase (space group Pnnm), with an additional peak at ~28° corresponding to the presence of the Sb element (indicated by #). This additional Sb peak is attributed to the quenching process performed at 650 °C, which is in proximity to the melting temperature of Sb (630 °C). Moreover, the observed shift of diffraction peaks towards higher angles with an increase in Fe concentration in Cr1-xFexSb2 indicates the successful incorporation of Fe (1.26Å) at the Cr site (1.30 Å). This shift is ascribed to the relatively smaller size of Fe compared to Cr. This significant observation serves as a compelling indicator of the effectiveness of Fe substitution within the lattice of CrSb2. The deliberate introduction of Fe atoms induces a structural adjustment in the crystalline lattice, thus influencing their thermoelectric properties, as further discussed. 
3.2.2. Thermoelectric Properties
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Figure 3: Temperature dependence of (a) Seebeck coefficient and (b) electrical conductivity for Cr1-xFexSb2 (x = 0, 0.25, 0.50, 0.75 and 1).
The temperature-dependent Seebeck coefficient (α) and electrical conductivity (σ) of Cr1-xFexSb2 are illustrated in Figure 3. Figure 3(a) reveals n-type conduction for CrSb2 and Fe0.25Cr0.75Sb2, where electrons serve as the majority charge carriers. Further increases in Fe concentration, specifically at x > 0.25, result in a change in thermopower from negative to positive, suggesting holes as the majority charge carriers. This observation suggests that Fe acts as an electron acceptor dopant in Cr1-xFexSb2, introducing holes into the system. Moreover, for x = 1 i.e., FeSb2 identified as a p-type semiconductor at room temperature, which is consistent with previous reports [63,64]. The temperature-dependent σ plot (Figure 3b) reveals semiconductor behavior of all samples, wherein the σ notably increases with rising temperature. However, a significant reduction in conductivity is observed upon Fe doping (x = 0.25) in Cr1-xFexSb2. This decline in conductivity implies that Fe [Ar] 3d⁶ 4s² serves as an electron acceptor upon substitution at the Cr-site, exhibiting an oxidation state of +3. This, in turn, leads to a decrease in electron concentration and a subsequent reduction in conductivity can be observed. However, for samples with x > 0.25, there is an observed enhancement in σ, potentially may be attributed to increased hole concentrations with increasing Fe concentrations.  
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Figure 4: (a) Total thermal conductivity (κTot) and (b) lattice thermal conductivity (κLatt) with increasing temperature of Cr1-xFexSb2 (x = 0, 0.25, 0.50, 0.75 and 1).
The subsequent analysis depicts the temperature-dependent variations in total thermal conductivity (κTot) and lattice thermal conductivity (κLatt) for Cr1-xFexSb2, as illustrated in Figure 4. While electronic thermal conductivity (κelec) is obtained using Weidemann Franz law i.e., κe = LσT and presented in supporting information (Figure S4) where in L = Lorenz number and taken as 2.44×10-8 W S-1K-2, T= absolute temperature. As can be seen from Figure 4, that lattice thermal conductivity contributed majorly to total thermal conductivity for CrSb2. Following the introduction of Fe dopants, a distinct decrease in total thermal conductivity is noted for Cr0.75Fe0.25Sb2 and Cr0.5Fe0.5Sb2. Specifically, Cr0.75Fe0.25Sb2 exhibits the lowest thermal conductivity, observed approximately 3.5 Wm-1K-1 at room temperature. A 50% reduction compared to the pristine CrSb2 (thermal conductivity ~ 6 Wm-1K-1) is observed. This reduction is attributed to decrease in lattice thermal conductivity due to enhanced phonon scattering from mass fluctuation. The difference in atomic mass of iron relative to chromium, introducing mass fluctuation and augmenting phonon scattering, thereby impeding efficient thermal energy transfer. However, beyond x > 0.5, the thermal conductivity begins to rise due to an increased contribution from electronic thermal conductivity which can be seen in Figure S4.
The temperature-dependent electrical conductivity and Seebeck coefficient indeed evidence that Fe doping induces competition between holes and electrons. This ultimately results in a decrease in both electrical conductivity and the Seebeck coefficient. Nevertheless, thermal conductivity analysis shows an almost 50% reduction, aligning with our objective of minimizing thermal conductivity in CrSb2. The result highlights that Cr0.75Fe0.25Sb2 exhibits the lowest thermal conductivity among all other doped samples. Therefore, in line with further minimizing thermal conductivity, Cr0.75Fe0.25Sb2 is chosen for further investigation, and additional iso-electronic doping of heavy atom Bi at the Sb-site is undertaken to achieve a supplementary reduction in thermal conductivity along with balancing the electrical transport properties for achieving the high figure of merit. The subsequent sections will investigate into the thermoelectric properties of co-doped Cr0.75Fe0.25BiySb2-y.
3.3 Effect of Bi doping in Cr0.75Fe0.25Bi2-ySb2
To further reducing thermal conductivity of CrSb2, doping with the heavier element Bi at the Sb-site is considered, incorporating varying concentrations of 5%, 7.5%, 10%, and 12.5%. The determination of the optimal Bi content aimed at achieving a reduction in thermal conductivity and an enhancement in the ZT value. The larger atomic mass of Bi compared to Sb may create lattice distortions and increase phonon scattering within the crystal lattice. This interference with the regular lattice structure hinders the efficient transfer of thermal energy, leading to a reduction in thermal conductivity. Additionally, the topological behavior of bismuth doping can influence the electronic structure of the material, impacting its electrical conductivity and Seebeck coefficient [65]. These combined effects contribute to achieving the desired balance for optimizing the material's thermoelectric performance, with the goal of enhancing the figure of merit for efficient TE applications. The findings from these analyses are explained in the subsequent section.
3.3.1 Structural investigation 
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Figure 5: XRD patterns with varying Bi concentration in Cr0.75Fe0.25Sb2-yBiy (y = 0, 0.1, 0.15, 0.20, 0.25). 
The X-ray diffraction pattern was systematically acquired to assess the phase composition of the synthesized bulk polycrystalline Cr0.75Fe0.25Sb2-yBiy samples, as illustrated in Figure 5. The distinct diffraction peaks identified corresponded to the orthorhombic CrSb2 phase, emerging as the predominant crystalline structure. Simultaneously, additional peaks associated with the presence of Bi were detected at ~27° and ~38°, indicating a progressive increase with higher concentrations of Bi. Furthermore, a noticeable shift of peaks towards higher diffraction angles was noted, corresponding with an apparent decrease in lattice spacing. The observed reduction in lattice spacing, contrary to expectations based on Bi replacing Sb atoms, prompted further investigation. The theoretical calculations using density functional theory (DFT) were conducted in order to scrutinize this ambiguity, as reflected in Table 1. 
The DFT calculations on lattice parameters supported and aligned with the XRD results and demonstrated a decrease in lattice spacing. This outcome elucidates that, despite the predicted increase in lattice spacing due to the larger size of Bi compared to Sb, lattice parameters are found to shrink. Moreover, during the sintering process, the occurrence of Bi spilling was observed. This phenomenon indirectly aligns with solubility limits, as detailed in a recent scientific report [54]. The excessive presence of bismuth in the lattice structure, as evidenced by Bi peaks in XRD and the shift in diffraction peaks altering lattice parameters, highlights the complex interplay between alloying elements and their profound influence on the structural characteristics of Cr0.75Fe0.25Sb2-yBiy.
Table 1: Optimized lattice parameters values from DFT calculation and experimental lattice values (mentioned in parentheses) for CrSb2, Cr0.75Fe0.25Sb2 and Cr0.75Fe0.25Sb1.875Sbi0.125. 
	Geometry parameters
	CrSb2
	Cr0.75Fe0.25Sb2
	Cr0.75Fe0.25Sb1.875Bi0.125

	a (Å)
	6.05119 (6.03358)
	5.84502 (6.00456)
	5.48153 (5.98765)

	b (Å)
	6.71857 (6.86552)
	6.52908 (6.79230)
	6.19322 (6.77573)

	c (Å)
	3.20064 (3.26627)
	3.13878 (3.24361)
	2.94223 (3.23796)
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Figure 6: SEM micrograph at (a) low magnification (b) high magnification and (c) EDX spectra of sample Cr0.75Fe0.25Sb1.85Bi0.15. 
SEM investigation was performed to understand the effect of microstructure on TE properties. Figure 6 shows the micrograph of the optimized sample, Cr0.75Fe0.25Sb1.85Bi0.15, of the present study. Figure 6(a) shows the overall view, while Figure 6(b) provides a magnified image of a rectangular area from Figure 6(a). In the magnified image, the well-distributed presence of Bi at grain boundaries is evident, as white in color. Additionally, two contrasting regions are observed: darker grey regions alongside lighter grey regions represented by white dotted circle. The corresponding elemental concentrations in these regions are detailed in the inset Table of Figure 6(c). Moreover, the elemental analysis from Energy Dispersive X-ray Spectroscopy (EDS) spectra indicates that the light grey region lacks Bi content, whereas the dark grey regions contain some Bi content, attributed to the limited solubility of Bi in those regions. This finding aligns with the observed decrease in calculated lattice parameters upon Bi alloying. Furthermore, the co-existence of two phases, along with the presence of Bi at grain boundaries may also facilitate phonon scattering and contribute to the reduction in thermal conductivity in the Bi-doped samples [54]. This aspect will be further elucidated in the subsequent section.
3.3.2 Thermoelectric Properties
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Figure 7: (a) Electrical conductivity (b) Seebeck coefficient (c) Total thermal conductivity (κTot) and (d) lattice thermal conductivity (κLatt) of Cr0.75Fe0.25BiySb2-y with increasing temperature. 
The transport properties, measured across a temperature range of 300 K to 480 K, are illustrated in Figure 7. The temperature-dependent electrical conductivity is depicted in Figure 7(a), showcasing an increase in electrical conductivity with rising temperature for all specimens, which indicates their semiconductor behavior. Notably, the electrical conductivity found decrease for low Bi concentration (y = 0.10) doping from its Fe-optimized CrSb2 matrix. However, σ starts increasing for higher Bi doping (y > 0.10) and even for y = 0.25 i.e., Cr0.75Fe0.25 Bi0.25Sb1.75 showed higher σ than that of matrix Cr0.75Fe0.25Sb2. The optimized Bi content in Cr0.75Fe0.25BiySb2-y, as indicated in Figure 7(a), leads to a substantial improvement in electrical conductivity, likely or might attributed to an enhanced carrier concentration. Moreover, from Figure 7(b), it is evident that all samples exhibit a negative Seebeck coefficient throughout the entire temperature range, signifying electrons as the majority charge carriers in the Cr0.75Fe0.25BiySb2-y system. In contrast to electrical conductivity, the Seebeck coefficient increases for y = 0.10 but decreases for y > 0.10. In summary, the observed trends in electrical conductivity and Seebeck coefficient in the Cr0.75Fe0.25BiySb2-y system likely stem from the intricate interplay between carrier concentration, and  electronic band structure modification induced by Bi doping. Further detailed theoretical calculation is conducted in order to provide deeper insights into the specific mechanisms governing these trends, as mentioned in the later sections.
The temperature-dependent thermal transport properties of Cr0.75Fe0.25BiySb2-y are displayed in Figure 7(c-d). The plot reveals a systematic reduction in overall thermal conductivity with an increment in the Bi doping content, for entire temperature range from 300 K to 480 K. Notably, at room temperature, the thermal conductivity reaches its lowest value for y = 0.20, exhibiting approximately 2.5 Wm⁻¹K⁻¹. A nearly 50% reduction in thermal conductivity compared to pristine CrSb2 is observed. This pronounced reduction underscores the considerable efficacy of co-doping with Bi and Fe in reducing thermal conductivity. To explore into the specific contributions, lattice thermal conductivity (κLatt) is determined by subtracting the electronic contribution from the total thermal conductivity. The electronic thermal conductivity (κelec) is derived using the Weidemann Franz law, as previously employed and is presented in supporting information (Figure S5) while temperature-dependent lattice thermal conductivity is depicted in Figure 7(d). It is apparent from Figure S5 that κelec increases with rising temperature, corresponding the behavior observed in the electrical conductivity data. Figure 7(d) clarifies that the primary contribution to the total thermal conductivity in CrSb2 originates from κLatt. Consequently, the notable reduction in κLatt upon doping with Fe and Bi serves to effectively suppress the overall thermal conductivity. This substantial decrease in lattice thermal conductivity is attributed to phonon scattering resulting from Bi-induced point defects. Hence, the reduction in thermal conductivity in Cr0.75Fe0.25BiySb2-y primarily stems from two key factors, which include the introduction of point defects by Bi and the presence of Bi at grain boundaries, resulting in the generation of strain. Further, the DFT is again employed to know the contribution of co-doping of Fe and Bi in CrSb2 in order to confirm the above-proposed mechanisms. 
3.4 Role of Fe and Bi as dopants 
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Figure 8: Total and partial density of states (DOS) of (a) CrSb2, (b) Cr0.75Fe0.25Sb2 and (c) Cr0.75Fe0.25Sb1.875Bi0.125. The vertical dashed line (red) indicates the Fermi level of the system, which is set to be zero in the middle of the band gap.
To know the contribution of density of states (DOS) in transport properties, we have calculated the total DOS and partial DOS of CrSb2, Cr0.75Fe0.25Sb2 and Cr0.75Fe0.25Sb1.875Bi0.125 as shown in Figure 8. The dashed line at 0 eV represents the Fermi level of the compounds. The band gap calculated for CrSb2 is ~0.16 eV, which gives quite good agreement with the experimentally reported band gap of 0.07 eV [66]. While, in the DOS of CrSb2 (Figure 8(a)), the main contribution comes from the Cr 3d orbitals, with a negligibly small contribution from the Sb 5p orbitals for both the spin-up and spin-down channels that signifies the dominating behaviour of Cr 3d orbitals in the transport properties of CrSb2. Similarly, the DOS of Cr0.75Fe0.25Sb2 is calculated as shown in Figure 8(b). The DOS of Cr0.75Fe0.25Sb2 showed that there are almost equal contributions from Cr 3d and Fe 3d orbitals in the valence band (VB) region, while in the conduction band (CB) region, the DOS consists of a dominant contribution from Cr 3d orbitals with a small contribution from Fe 3d orbitals. Precisely, in the low-lying energy range of -1.5 eV to 0 eV in the VB, the contributions in the DOS from Cr 3d and Fe 3d orbitals are calculated as ~60% and ~40%, respectively. However, these contributions are found to be ~80% and ~20%, respectively, in the energy range of 0 eV to 1.5 eV in the CB. 
[bookmark: _Hlk157874965]Moreover, the DOS of Cr0.75Fe0.25Sb1.875Bi0.125 is calculated as shown in Figure 8(c).  It displays that the dominant contribution in the DOS of Cr0.75Fe0.25Sb1.875Bi0.125 comes from the Cr 3d and Fe 3d orbitals, with the negligibly small contribution from Bi 6p orbitals around the Fermi level. Therefore, it is demonstrated here that Bi doping does not significantly impact electrical transport due to its restricted solubility. Hence, the reduction in thermal conductivity in Cr0.75Fe0.25BiySb2-y primarily comes from the introduction of point defects by Bi and the presence of Bi at grain boundaries, resulting in the generation of strain. 
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Lastly, the power factor and Figure of merit (ZT) of the optimized composition have been evaluated.  Figure 9 shows the temperature-dependent power factor and ZT for Cr0.75Fe0.25BiySb2-y. It is worth mentioning here that the power factor was found to be increased from ~100 to ~170 µW m-1K-2 on Bi alloying for y = 0.15 due to the enhanced Seebeck coefficient. Synergistically improved power factor and low thermal conductivity leading to maximum ZT ~0.021 at 350 K showing 90% enhancement compared to ZT of pristine CrSb2.  The co-doping strategy involving both Bi and Fe emerges as a potent means of modulating thermal transport properties, signifying a promising avenue for optimizing the thermoelectric performance of CrSb2-based materials. The observed temperature-dependent trends provide valuable insights into the intricate interplay of dopants and their influence on thermal conductivity, which example could be useful for the tailored design and enhancement of other thermoelectric materials also.


4. Conclusion: 
In conclusion, our investigation into the thermoelectric properties of CrSb2, along with Fe and Bi-doped variants, revealed significant insights into the interplay of dopants and their influence on thermal transport. Optimized synthesis through spark plasma sintering and thorough sintering conditions yielded high-density samples, confirming the orthorhombic CrSb2 phase. Fe substitution at the Cr site in Cr1-xFexSb2 induced p-type conduction, resulting in a remarkable 40% reduction in thermal conductivity for Cr0.75Fe0.25Sb2. The subsequent introduction of Bi, despite limited solubility, played a crucial role in reducing thermal conductivity through the introduction of point defects and strain at grain boundaries. The co-doping strategy with Fe and Bi showcased a nearly 50% decline in thermal conductivity at room temperature, reaching its lowest value for Cr0.75Fe0.25Bi0.25Sb1.75. This, coupled with an improved electrical conductivity and power factor, synergistically contributed to achieving a maximum ZT of ~0.021 at 350 K for Cr0.75Fe0.25Bi0.15Sb1.85, marking a substantial 90% enhancement compared to pristine CrSb2. Density of states calculations highlighted the specific orbital contributions, emphasizing the role of Bi in influencing the electronic band structure. In summary, co-doping with Fe and Bi emerged as a potential strategy for optimizing thermal transport properties in CrSb2-based materials, offering promise for enhanced thermoelectric materials.
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Figure S1: Heating profile for furnace reaction.

	Sample
	Density g/ cm3

	CrSb2
	6.953

	Cr0.75Fe0.25Sb2
	7.196

	Cr0.50Fe0.50Sb2
	7.376

	Cr0.25Fe0.75Sb2
	7.327

	FeSb2
	7.714

	Cr0.75Fe0.25Bi0.10Sb0.90
	7.904

	Cr0.75Fe0.25Bi0.15Sb0.85
	7.907

	Cr0.75Fe0.25Bi0.20Sb0.80
	7.886

	Cr0.75Fe0.25Bi0.25Sb0.75
	7.880



Table S1: Density obtained for Fe and Bi co-doped CrSb2 samples using Archimede’s principle. 
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Figure S2: XRD patterns for non-milled and milled CrSb2. 
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Figure S3: SEM image of bulk CrSb2 (a) without milling and (b) 1hr milling. 
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Figure S4: Temperature dependent κelec for Cr1-xFexSb2.
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Figure S5: Temperature-dependent κelec for Cr0.75Fe0.25BiySb2-y. 
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