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Abstract 

The facet effect and underlying molecular mechanisms of noble metal-based nanocrystals have 

shown promise as a potential candidate for various applications including catalysis and soil-water 

remediation. Facet-dependent catalytic activities of Palladium (Pd) nanocrystals have great 

significance in the field of catalysis. In this report, the well-known seed-mediated synthesis method 

has been used to synthesize three different Pd nanostructures of cuboctahedral (Coh), octahedral 

(Oh), and nanocubes (NCs). By changing the time and temperature, the growth of nanocrystals 

was directed along different low index planes such as {100} for      NCs, {111} for Oh, and mixed 

planes of {100} and {111} for Coh structures. Shape-controlled Pd nanocrystals with distinctly 

varied surface facets were used to conduct a mechanistic study for the remediation of organic dyes. 

To understand the facets dependent catalysis, nanocrystals were employed for the reduction of 

organic pollutant 4-Nitroaniline (4-NA) to 4-Phenylenediamine (4-PDA), and the substituent 

effect of nitro (–NO2) groups were studied. By keeping the total surface area of particles 

unchanged, different volumes of nanocrystals were taken into account to carry out an accurate 

facet-dependent analysis. Further to extend the catalytic activity study, degradation of cationic dye, 

Rhodamine B (Rh B), and anionic dye, Methyl Orange (MO) were performed. The reduction and 

degradation processes were monitored through UV-Visible absorption spectroscopy. It was 

confirmed from the absorption spectra that the efficiency of Pd NCs was higher than Oh and Coh 

nanocrystals, which established the depiction of the best role of {100} plane out of the other two 

mailto:s.akshaya@jainuniversity.ac.in


 

2 
 

planes exposed on the surface. The catalytic trends for the asymmetric growth of planes follows 

the order of NCs {100}> Oh {111}> Coh {100} {111}. The specific reactivity performance of the 

nanocrystals was confirmed using an analytical model. 

Keywords: Palladium nanocrystals; Low index planes; Organic pollutant; Cationic dye and 

Anionic dye  

1. Introduction 

Active site modification of noble metal nanocrystals has recently attracted considerable attention 

in catalysis. The word "nanocrystal" rather than "nanoparticle" highlights the formation of 

crystalline lattices along certain facets [1-4]. Size, shape, and composition-dependent catalytic 

activities of nanocrystals have been witnessed in earlier reports [5-10]. By fine-tuning the above-

mentioned parameters, the catalytic activity of a nanomaterial can be enhanced [11-17].  Recently, 

the research field of anisotropic nanocrystals is focused on the role of different facets on the 

surface. Noble metal nanocrystals such as Platinum (Pt), Gold (Au), Palladium (Pd), and Silver 

(Ag) having various low index facets such as {111}, {100} and {110} exhibit      different chemical 

reactivities/selectivities due to the presence of different surface atom densities [18-22]. Bratlie et 

al. reported that hydrogenation of benzene in presence of Pt cuboctahedrons that exposed {111} 

and {100} facets yielded both cyclohexane and cyclohexene. In contrast, only cyclohexene is 

formed as a product when only {100} facets [23] are present. Chiu et al. described hydrogenation 

of 4-NA catalyzed by Au rhombic dodecahedra {110}, cube {100} and octahedra {111}. The 

catalytic activity for reduction reaction follows the order of {110} > {100} > {111} for the 

temperature range between 25 to 36 °C. However, when the temperature is increased to 40 °C, Au 

octahedra {111} showed better catalytic activity over the cube {100} [24].  

The geometry, selectivity, and facet dependent catalytic activity have also been studied for various 

applications [25-31]. Several approaches are employed for the synthesis of anisotropic 

nanostructures having different active facets. Some of the methods are one-pot synthesis, template-

assisted synthesis, electrochemical synthesis, polyol, photochemical synthesis, etc [32-35]. In the 

procedures mentioned above, the main concern is to understand the importance of using organic 

solvents and establishing proper mechanisms and stability. However, an aqueous medium seed-

mediated synthesis provides better control over the size, uniformity, shape evolution of metal 



 

3 
 

nanostructures, and also offers high yield [36,37]. It includes two steps i) nucleation of seed 

particles with the desired shape, ii) growth of the metal atom upon the surface of seed to get precise 

structures [38]. The concentration of precursors, the role of surfactant, capping agent, and insertion 

of additives play an important role in the growth of different facets of nanocrystals [39-46]. A 

seeded growth method of Pd nanocrystals has been reported, in which formaldehyde and potassium 

iodide acted as shape directing agents that controlled shapes of different proportions of low index 

facets [47,48]. Pd has attracted considerable research interest due to its unique property of change 

in stable oxidation state (0, +2) and can be a good replacement for Platinum (Pt) in many industrial 

applications. Some of the notable examples are exceptional performance in hydrogen storage and 

hydrogen sensing, [49,50]. Pd performed as an effective catalyst and yielded useful biaryls in 

various C-C bond forming reactions like Stille, Suzuki-Miyaura, Hiyama, and Heck coupling [51-

54]. Facet dependent catalytic activity of Pd nanostructures was recently studied by Laskar and 

Skrabalak [55]. They carried out hydrogenation of 2-hexyne using Pd cubes and octahedral and 

observed that octahedra exhibited better performance compared to cubes. This is because Pd (100) 

surface of cubes binds alkynes more strongly than Pd (111) surface of octahedra [55].  

Nitro substituted aniline and dyes are used in many industrial productions. Human exposure to 

nitro compounds causes symptoms like headaches, drowsiness, nausea, and cyanosis. Due to the 

high solubility and stability of these organic pollutants in water, they generate antagonistic results 

for aquatic organisms. Hence, it is imperative to create a suitable path to avoid the effect of these 

hazardous chemicals [56]. The catalytic activity of precious metal atoms mainly depends upon the 

active metal atoms on the surface. Mainly the activity depends upon the specific surface area of 

the materials. Therefore designing suitable active materials for the reduction and degradation of 

water contaminants is more helpful [57-61]. In this study, optimization of the temperature and time 

leads to provide three different anisotropic structural growth along the low index planes such as 

{100} for NCs, {111} for Oh and mixed growth of {100} and {111} for Coh. Synthesized Pd 

nanocrystals were employed to reduce different NA to respective PDA and the degradation of 

cationic and anionic dyes was studied.  

2. Experimental  

2.1. Materials and methods 
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Palladium (II) chloride (PdCl2, 99%), Cetyltrimethylammonium bromide (CTAB, 98%), Sodium 

borohydride (NaBH4 , > 98%), concentrated hydrochloric acid (HCl, > 98%) and Methyl orange 

(MO, >85%) were purchased from SD Fine Chemical Limited, India. Ascorbic acid (L-AA, 99%) 

and Rhodamine B (RhB, > 90%) were purchased from Merck. NA derivatives (4-NA, 3-NA, and 

2-NA) were purchased from Sigma Aldrich. All the above chemicals were used without further 

purification. Distilled water was utilized for the preparation of solution and reaction purposes. All 

the glassware was thoroughly cleaned with aqua regia and finally rinsed with distilled water.  

The absorption study was performed with UV-Visible spectrophotometer PerkinElmer Lambda 

360 instrument. Field Emission Scanning Electron Microscopy (FESEM) performance was carried 

out with the instrument JEOL, Singapore. TEM and HRTEM analyses were done using Thermo 

Scientific TALOS F200S G2 (200 KV), FEG, CMOS Camera 4K x 4K. Samples for HRTEM 

were carried out by drop-casting on 300 mesh carbon-coated copper grid. Powder X-ray diffraction 

(PXRD) patterns were achieved on Rigaku X-ray diffraction Ultima-IV, Japan using Cu Kα 

radiation source with a scan rate of 2 deg min-1 and 2θ ranges from 10 to 80 °. 

2.2. Synthesis of Pd Coh, Oh, and NCs.  

2.2.1. Preparation of Pd seed 

All the three Pd nanocrystals were synthesized using seed-mediated synthesis protocol reported 

elsewhere with modification in the temperature and growth time [56,36]. Initially, H2PdCl4 (20 

mM) solution was prepared by the addition of 0.115 g of PdCl2 with 6.5 mL 0.2 M concentration 

(conc.) HCl and stirred for 3 hours (h) to acquire an orange solution of H2PdCl4. Further, it was 

diluted with water to form 20 mM of H2PdCl4 solution. Seed solution was synthesized by 

dissolving 0.045 g of CTAB in 10 mL of distilled water and heated up to 95 °C with vigorous 

stirring for 5-10 min in a round bottom flask. After observing a clear solution, 0.25 mL of H2PdCl4 

was added subsequently, following the addition of 0.02 mL of L-AA (0.4 M) solution.  After 10 

min of continuous stirring, the color of the solution was changed to blackish brown, and later the 

solution was cooled to room temperature and allowed for ageing up to 2 h without disturbance for 

the proper growth of seed particles.  

2.2.2. Preparation of growth solution  
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Three growth solutions were prepared by taking 9.0 g of CTAB and 90 mL of distilled water in 

each and then vigorously stirred for 15 min at three different temperatures 35 °C, 55 °C, and 70 

°C to get different morphologies. 3.2 mL of 20 mM H2PdCl4 precursor was added to each. A 

schematic representation of the formation of three different nanostructures is shown in Figure 1. 

 
Figure 1. Schematic representation of synthesis steps involved during the formation of three 

different nanostructures. 

Next, 2 mL of aged Pd seeds were added for the growth of the solution under vigorous stirring, 

followed by the addition of 2.5 mL of 0.4 M L-AA. The resulting reaction mixtures were kept 

undisturbed for 20 h, 13 h, and 12 h at 35 °C, 55 °C, and 70 °C, respectively. Pd nanocrystals were 

cooled down to room temperature, and nanostructures settled to the bottom of the flask. The growth 

solutions were sonicated for 1 min to remove the settled particles from the flask and were 

centrifuged two times at 6500 rpm for 15 min to eradicate the unreacted ions and excess surfactant. 



 

6 
 

The residue was redispersed in distilled water for further use. The samples were dried under 

ambient conditions for catalytic study. 

2.3. Procedure for Reduction Reaction 

2.3.1. Determination of Catalyst Concentration 

To find the appropriate amount of catalyst loading, initially, 1 mg/mL Pd Oh catalyst was prepared. 

The reaction progress was observed by adding to reactant 4-NA to reduce 4-NA to 1, 4-PDA 

monitored by UV-Visible spectroscopy. The catalyst loading was optimized to 2 mg/mL for further 

study. 

2.3.2. Standard catalysis experiments  

To investigate the catalytic activities of respective facets present in Pd nanostructure, a typical 

reduction experiment was conducted, and the performance was monitored through UV-Visible 

spectroscopy. First, 0.001 M of 4-NA, 3-NA, 2-NA, and 0.1 M NaBH4 aqueous solutions were 

prepared, and the reaction progress was preliminarily observed by adding different volumes of 

catalysts of different surface area. In a quartz cuvette, 200 μL 4-NA mixed with 2 mL of H2O and 

500 μL of freshly prepared ice-cold aqueous NaBH4 solution was added. Different volumes of 

catalyst (2 mg/mL) were added to the reaction mixture, and the responses are observed by 

monitoring the absorption spectra. 

2.3.3. Comparative catalysis experiment  

After the catalytic reduction of different surface areas having the same volume of catalyst, the next 

varied volumes of a catalyst having the same surface area of ~5 cm2 were calculated and used for 

the comparison study (details about surface area calculation is given in S1). 200 μL of 4-NA and 

500 μL of NaBH4 of the concentration mentioned above were taken and after that 15 μL of Coh, 

26.5 μL Oh and 30 μL of Pd NCs were added to the mixture in three different reactions. When the 

reduction was completed, the catalysts were separated from the reaction mixture through 

centrifugation and washed with ethanol and water. The procedure outlined above was repeated for 

dye degradation, except that in place of NA, two different dyes were used and all other parameters 

remained constant. 



 

7 
 

3. Result and Discussion 

3.1. Physicochemical characterization 

The aqueous phase seed-mediated synthesis method was used to synthesize Pd nanocrystals with 

different facets using CTAB as the surface stabilizing agent, which prevents agglomeration and 

leaching out of metal atoms from the surface. Modification in temperature and growth time of the 

reaction mixture established the depiction of different Pd nanostructures on the surface. As a result 

of which comparative catalytic activities of dissimilar crystallographic facets towards the 

formation of PDA and degradation of both cationic Rh B and anionic MO dyes were observed. 

Initially, cubic Pd seeds were synthesized as discussed above, and then different growth solutions 

were prepared. With the addition of Pd seeds followed by the mild reducing agent L-AA, different 

shapes of nanocrystals were synthesized at different temperature and time (shown in table. S1). 

Initially, the first synthesis was performed by maintaining the growth temperature at 45 °C with 

vigorous stirring up to 12 h. FESEM analysis shows that the nanocrystals were grown improperly 

with different shapes, and there was a lack of dispersity throughout the solution mixture, as shown 

in Fig. S2 (a, d). This experiment confirmed that the reaction mixture ought to remain undisturbed 

during the growth steps to avoid the improper growth and formation of unwanted nanocrystals. In 

the second experiment, there was no stirring of the growth solution keeping all the parameters 

constant. After 12 h of the reaction, FESEM analysis was carried out to know the change in the 

surface morphology. It was seen that a small yield of Pd NCs was formed in the solution along 

with the maximum yield of other nanocrystals given in Fig. S2 (b, e). The experiments mentioned 

above confirmed that undisturbed solution facilitates the deposition of metal atoms at the suitable 

facets producing well-grown nanocrystals. This optimization experiment noticeably discloses the 

importance of no disturbance during the growth step. The reaction was further optimized by 

changing the temperature and time to avoid the formation of unwanted nanocrystals. 

In the third experiment, all the parameters were kept the same except the reaction temperature, 

which was increased to 60 °C. Increasing the temperature led to minimizing the formation of 

unwanted shapes and gave a high yield of cubes shown in Fig. S2 (c, f). Further, in the fourth 

experiment, raising the temperature to 70 °C resulted in the formation of well-grown Pd NCs 

throughout the sample. The uniform distribution, high dispersity, and clear morphology are shown 

in Fig. 2. However, in the fifth experiment, when the temperature was decreased to 55 °C and 
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growth time was increased to 13 h, a well-grown Oh morphology was observed without any other 

shapes. The details of the characterization of Pd Oh are shown in Fig.3. Similarly, in the sixth 

experiment, the temperature was additionally decreased to 35 °C and allowed to stand till 20 h to 

get a clear transparent growth solution. After completing the reaction time, the characterization of 

the solution was performed, and the formation of Pd Coh was observed as shown in Fig. 4.  

 

From the above optimization study, it is confirmed that not only the change in the concentration 

of reactant, different surfactant, and external additives could alter the shapes of nanocrystals [39], 

but also the variation of temperature and time helps to vary the reduction rate and hence leads the 

formation nanocrystals. In this study, the reduction rate helps to grow different facets on the 

surface, showing excellent catalytic performance. Increasing the temperature leads to a fast 

reduction process and hence at 70 °C, a quicker reaction happens and the growth of {100} plane 

becomes dominant over {111} plane. The faster growth of {100} planes is due to its high surface 

energy compared to {111} planes [38]. The synthesis of Pd NCs, which offered excellent 

reactivity, was discussed in our previous work [56].  

  
Figure 2. (a) UV-Visible spectrum of Pd NCs, (b) FESEM image Pd NCs, (c) high-resolution 

FESEM image Pd NCs exhibiting the monodisperse distribution throughout the sample, (d) 

histogram of Pd NCs, (e) TEM image of Pd NCs, (f) HRTEM image of an individual Pd NC, and 

(g) SAED pattern of Pd NCs. 
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Fig. 2 (a) represents the UV-Visible spectrum of Pd NCs of λmax 412 nm. The well-grown facets 

and monodispersity of Pd NCs were observed from FESEM analysis shown in Fig. 2 (b) and 2 (c), 

respectively. The edge length of about 60 ± 5 nm of the cubic nanocrystal was confirmed from the 

histogram presented in Fig. 2 (d). TEM and HRTEM images were shown in Fig. 2 (e) and 2 (f), 

respectively. TEM demonstrated the proper growth of facets, and growth of Pd NCs along <100> 

direction having d spacing 0.19 nm was confirmed from HRTEM as shown in the inset of Fig. 2 

(f). The SAED pattern in Fig. 2 (g) displays the Debye-Scherrer rings corresponding to (111), 

(100), (110) reflection planes of Pd NCs which shows the crystallinity nature of the sample. Pd Oh 

was formed from the reaction mixture at 55 °C after 13 h undisturbed growth. Decreasing the 

temperature slows down the reduction process, and hence, the time taken to complete the growth 

of nanocrystals increases. The slow reduction process at the particular reaction condition blocks 

the exposed {100} plane on the surface, and prominent growth was directed along {111} planes 

resulting in octahedral structures.  

  

Figure 3. (a) UV-Visible spectrum of Pd Oh, (b) FESEM image Pd Oh (c) high-resolution FESEM 

image Pd Oh exhibiting the monodisperse distribution throughout the sample, (d) histogram of Pd 

Oh, (e) TEM image of Pd Oh, (f) HRTEM image of an individual Pd Oh, and (g) SAED pattern 

of Pd Oh. 
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low and high-resolution FESEM analysis, as shown in Fig. 3 (b) and 3 (c), respectively. Fig. 3 (d) 

displays the histogram of Pd Oh measured by edge length, and the average size was found around 

65 ± 5 nm. TEM and HRTEM images showed the well-grown morphology of Pd Oh shown in Fig. 

3 (e) and 3 (f), respectively. The inset of Fig. 3 (f) shows the d spacing value of 0.22 nm 

corresponding      to the growth along the <111> direction. The SAED pattern of Pd Oh shows 

(111), (100), and (110) reflection of crystalline planes of Pd is shown in Fig. 3 (g). Similarly, when 

the reaction was 35 °C and undisturbed up to 20 h, a slower growth rate was observed, and both 

the {111} and {100} planes were exposed to the surface forming Coh. UV-Visible absorption 

shows the characteristic peak of Pd Coh at λmax 378 nm as shown in Fig. 4 (a). Fig. 4 (b) is the 

FESEM image of the Coh nanocrystals confirming the monodisperse distribution throughout the 

sample. The average size is measured at the opposite edge length of the Coh and is found to be 50 

± 5 nm, as shown in Fig. 4 (c). HRTEM image of Pd Coh is shown in Fig. 4(d), and the inset shows 

the d spacing values of 0.22 and 0.19 nm corresponding to the planes of <111> and <100>, 

respectively. The SAED pattern in Fig. 4 (e) shows crystalline rings of Pd Coh corresponding      to 

(111), (100), (110) reflection planes of Coh. 
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Figure 4. (a) UV-Visible spectrum of Pd Coh, (b) FESEM image Pd Coh showing Coh facet 

growth, (c) size distribution histogram of Pd Coh, (d) HRTEM image of an individual Pd Coh, and 

(e) SAED pattern of Pd Coh. 

The crystalline nature of Pd nanocrystals was confirmed by PXRD analysis. The diffraction peaks 

at 40.1, 46.6, and 68.9 ° correspond      to (111), (200), and (220) crystal planes of Pd, respectively, 

mentioned in Fig. S3. All the nanocrystals had the same value of 2but different diffraction 

intensity. As a result of the growth of cubic Pd nanocrystals along the (200) plane, a high 

diffraction intensity was observed for the respective plane as shown in Fig. S3 (a). Whereas for Pd 

Oh, the intensity of (111) planes is high and for Pd Coh intensity of both (200) and (111) planes 

was higher than other structures shown in Fig. S3 (b) and S3 (c), respectively. 

4. Application of the Pd Nanocrystals  

4.1. Reduction of NA using Pd Coh, Oh, and NCs 

Initially, a standard catalytic reduction process was performed by adding a light yellow colored 

aqueous solution of 4-NA, which shows two characteristics peaks at 230 nm and a strong 

absorption peak at 380 nm due to π−π* and n-π* transition, respectively as shown in Fig. S4 (a). 

Control experiments were carried out to understand the role of catalyst and NaBH4 in the reduction 

process. Time-dependent UV-Visible monitored with the addition of Pd Oh (100 μL, 1 mg/mL) 

catalyst without the addition of NaBH4 shown in Fig. S4 (b) and Fig S4 (c) represent the addition 

of NaBH4 without the catalyst. Interestingly, it was realized that the reduction was unable to 

complete in both the cases even after 4 h of the reaction and there was no conversion as shown in 

the spectra. Hence, it was confirmed that neither the catalyst nor NaBH4 overcame the activation 

barrier alone to form the product [18,24]. The synthesized Pd nanocrystals (Pd Coh, Pd Oh, and 

Pd NCs) were prepared in the same concentration (mg/mL) to reduce the reaction. To understand 

the catalytic doses, firstly, 1 mg/mL Pd Oh catalyst concentration was prepared. It was found that 

the standard reduction reaction from 4-NA to 4-PDA required 43 min with the addition of 100 μL 

of catalyst, and the reduction rate value was k = 0.6×10-1 min-1 found from the kinetic plot between 

ln (Ct/C0) Vs time (Fig. S5). As a result, a catalyst concentration of 2 mg/mL was prepared for 

subsequent applications. The reduction process was preliminarily observed by the addition of 100 

μL of each catalyst having a different surface area. It is observed that Pd NCs facets were more 

reactive than Pd Oh and Pd Coh. Pd NCs completed the catalytic reduction of 4-NA in one minute, 
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and Pd Oh and Pd Coh in 6 and 3 min, respectively (Fig. S6). To precisely understand the catalytic 

activities of NCs, Oh, and Coh containing different planes/facets, the overall surface area of the 

particles should be unchanged (Supporting S1). Since by the addition of 100 μL of Pd NCs, the 

reduction proceeded very fast, further reactions were conducted  by decreasing the catalyst volume 

to 30 μL and using the density of Pd, the volume of the entire particles in 30 μL of the Pd NCs 

solution was calculated by 𝑑𝑑 = 𝑚𝑚
𝑣𝑣

 formula. Considering the average length of nanocrystals, the 

volume and surface area of a particular nanocrystal was calculated, then the mass of a specific 

nanocrystal was obtained. From the total volume of catalysts and volume of a single nanocrystal, 

the number of particles in the solution was calculated, and using the total number of catalysts, its 

total surface area exposed to the reduction was calculated. The calculated volume of the 

nanocrystal solutions was used to keep the total particle's surface area the same during the 

subsequent experiments (Calculation shown in S1). Keeping the surface area at about ~5 cm2 for 

all three nanocrystals, different volumes were adjusted, such as 30 μL, 26.5 μL, and 15 μL of Pd 

NCs, Pd Oh, and Pd Coh, respectively and introduced in the solution to complete the reaction.  

 
Figure 5. Representative time-dependent UV-Visible spectra of reduction of 4-NA with the 

addition of Pd (a) Coh, (b) Oh, and (c) NC catalysts. The kinetic plot of ln (Ct/C0) Vs time for Pd 
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(d) Coh catalyst (e) Oh and (f) NCs catalyst. The concentration of catalysts was 2 mg/mL having 

a nearly same surface area of about 5 cm2.  

Fig. 5 (a) represents the UV-Visible spectra of reduction of 4-NA using 26.5 μL Pd Oh catalysts. 

Fig 5 (b) and  (c) represent the reduction process of 4-NA using Pd Coh and Pd NCs catalyst, 

respectively. It is observed that the product formation takes place at different intervals of time for 

all three nanocrystals. The reduction product of 4-PDA (or benzene-1,4-diamine) demonstrates 

two well absorption peaks at 240 nm and another band at 305 nm signifying both π−π* and n-π* 

transition, respectively. The reduction process was observed by a constant decrease of the 380 nm 

band of 4-NA and the simultaneously slow rise of the 240 nm band of 4-PDA in the presence of a 

catalyst with time. In the case of Pd Coh, the time for complete reduction and 100 % product 

formation was achieved in 18 min, which is higher than Pd Oh and Pd NCs where the reduction 

time was 16 min and 6 min, respectively.  

 
Figure 6. Schematic representation of different planes and the corresponding facets of Pd (a) Coh, 

(b) Oh, and (c) NCs respectively. 

 

From 4-NP reduction performance, it was observed that Pd NCs exposing {100} facets showed 

the best catalytic activity compared to {111} facets of Pd Oh and Pd Coh carrying both {111} and 

{100} facets on the surface. The reason behind the high activity of Pd NC is due to the high surface 

energy associated with the surface. The {100} plane on the surface allowed more metal atom 
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deposition compared to the {111} plane, as shown in Fig. 6 (a). However, Oh having equilateral 

triangles facilitates even less deposition of active metals on the planes, as shown in Fig. 6 (b). In 

Coh, both the triangular and cubic faces are present having dissimilar growth and fewer metal 

atoms on the mutual planes are contributing to the reaction, so the activity decreases compared to 

Oh as shown in Fig. 6 (c). Hence, Pd NCs showed high catalytic activity followed by Oh and Coh, 

respectively. 

To estimate the effective reaction rates of these nanocrystals, kinetic plots of ln(Ct/C0) Vs time to 

reduce 4-NA are carried out with different volumes of Coh, Oh, and Pd NCs having equal surface 

area. To prepare the kinetic plot, absorbance values are converted to concentrations. The straight 

line for these data points specifies that the reduction reaction satisfies first-order kinetics. From 

the slope of the straight line, the rate constant k can be determined. Rate constants found for all 

three nanocrystals were 1.5 ×10-1, 1.9 ×10-1, and 10.4×10-1 min-1 for Pd Coh, Oh, and NCs as shown 

in Fig. 5 (d, e, f) respectively. Pd NCs catalyst which shows the best activity among all three 

nanocrystals exhibits a higher reaction rate than Pd Oh and Coh.  

 
Figure 7. Represents the UV-Visible spectrum of time-dependent reduction of 3-NA using Pd (a) 

Coh, (b) Oh, and (c) NC catalyst. UV-Visible spectrum of time-dependent reduction of 2- NA 

using Pd (d) Coh (e) Oh, and (f) NC catalyst. 
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From the above study, it was noticed that the particle size and activity truly depend upon the nature 

of facets present on the surface. In present work the activity of facets follows the order Pd NCs 

{100}> Oh {111} > Coh {100} {111}. To understand the role of facets towards different positions 

of the nitro group, 3-NA and 2-NA were considered under the same condition. Fig.7 shows the 

time-dependent UV-Vis absorption spectra for the reduction of 3-NA and 2-NA. The dark yellow 

colored 3-NA displayed two absorption peaks at 278 nm and 357 nm. After the addition of NaBH4 

and catalysts, the peak at 357 nm decreases continuously with the rise of a new peak at 290 nm. It 

was observed that the time taken for reduction of 3-NA by Coh was 5 min, whereas Pd Oh and NC 

achieved this in 3 and 2 min, respectively, as shown in Fig. 7 (a, b, c). Similarly, 2-NA revealed 

two absorption peaks at 282 and 412 nm. The peak at 412 nm decreases during the reduction 

process, and simultaneously, a new band appears at 288 nm. The reduction time of 2-NA for all 

three Pd nanocrystals was 8, 5, and 3 min., corresponding to Pd Coh, Oh, and NCs, respectively 

as depicted in Fig. 7 (d, e, f). 

Comparing all three nitro substituted anilines, it was observed that 3-NA achieved a reduction in 

less time followed by 2-NA and 4-NA. The reactivity trend of different NA was followed by 3-

NA > 2-NA > 4-NA for all three nanocrystals. It is known that the –NO2 group is an electron-

withdrawing group, and hence, the reaction process is stabilized by resonance, and 2-NA is less 

stable than 4-NA because of steric hindrance [62].  Whereas 3-NA exhibited the least stability as 

there is a lack of resonance [63]. The above-mentioned reduction mechanism can proceed through 

a direct route and condensation route [64-66]. The more feasible route the direct route where the 

progress of the reaction involves the absorption of BH4
− and the NA compound on the catalyst 

surface. BH4
− serves as the electron donor in the presence of Pd nanocrystals. The aryl nitro 

compound is first reduced to the nitroso compound and then rapidly to the conforming 

hydroxylamine compound and in conclusion, the hydroxylamine compound is reduced to the 

required amine product [64].  

4.2 Degradation of organic contaminants 

The catalytic activity of Pd nanocrystals was extended further for the degradation of organic 

contaminant dyes such as MO and Rh B. Keeping all the parameters constant under the same 

atmospheric condition, degradation of both the dyes were performed. MO is used as pH indicator 
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and color compound in many trades in the woolen and silk industry [67]. The reductive degradation 

of the anionic dye, MO was started by taking the optimized catalyst amount of the same surface 

area and different volumes. It was noticed that the degradation occurred very fast, observed from 

the UV-Visible spectra, and completed within 2 min for Pd Oh and NCs and achieved in 4 min for 

Pd Coh as shown in Fig. S7 (a, b, c). After observing remarkable outcomes in the reductive 

degradation of MO, Pd nanocrystals catalysts were further promoted for the degradation of cationic 

dye, Rh B, to boost the catalysts' scope. The degradation process was shown for all three 

nanocrystals as shown in Fig. S7 (d, e, and f) for Pd Oh, Coh, and NCs, respectively. It was seen 

that Pd NCs took 5 min for the complete degradation of Rh B whereas Coh and Oh completed in 

11 and 6 min, respectively. This confirmed the best performance of {100} planes of Pd NCs over 

{111} and mixed planes of both {100} and {111} on the surface. 

After completion of the first NA reduction, all the nanocrystals were successfully recovered from 

the reaction mixture through centrifugation at 6500 rpm and washed with ethanol, followed by 

water two times. It was seen that the notable catalysis was completed without any change in 

morphology of the nanocrystals proving its consistency, robustness, and stability which is evident 

from Fig. S8 (a, b, c) for Pd Oh, Coh, and NCs, respectively. 

 

5. Analytical model  

5.1. Size and temperature-dependent catalytic activation energy of nanostructures 

For the performance of the Pd nanocrystals with various geometries as a catalyst for different 

reactions, we estimated its catalytic activation energy. The catalytic activation energy depends on 

the geometry and electronic properties of nanoparticles. Though these two factors are interlinked, 

nanoparticles of the order of less than 4.2 nm are significantly influenced by electronic properties 

[68]. Above this, it is geometry that plays a pivotal role. This is due to the different number of 

atoms present on the edges and the corners. These atoms have lower coordination numbers in 

comparison to the atoms inside the bulk of the structure. Based on the Bond – order – Length – 

Strength (BOLS) correlation mechanism, these atoms have higher cohesive energy and lower 

electron affinity [1]. This causes higher catalytic activity. In the present study, we use an analytical 

approach proposed by Lu et al [69], to determine the catalytic activation energy of nanoparticles 

with different geometry based on a modification to spherical nanoparticles using a shape factor. 
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The theory is based on a size-dependent thermodynamic model for cohesive energy for spherical 

nanoparticles. The catalytic activation energy 𝐸𝐸𝑎𝑎(𝐷𝐷, 𝜆𝜆) of a nanoparticle of size D is given by [69], 

 
𝐸𝐸𝑎𝑎(𝐷𝐷, 𝜆𝜆)
𝐸𝐸𝑎𝑎(∞) = �1 −

1
12𝐷𝐷
𝐷𝐷0

− 1
�𝑒𝑒𝑒𝑒𝑒𝑒�−

12𝜆𝜆𝑆𝑆𝑏𝑏
3𝑅𝑅

1
12𝐷𝐷
𝐷𝐷0

− 1
 �  

(1) 

where 𝐸𝐸𝑎𝑎(∞),𝐷𝐷0, 𝜆𝜆, 𝑆𝑆𝑏𝑏 , and 𝑅𝑅 are the catalytic activation energy for bulk, shape factor for different 

geometries of the nanoparticle, bulk solid-vapour transition entropy, critical size at which all the 

atoms of a crystal are located on its surface, and ideal gas constant, respectively. The solid-vapour 

transition entropy is obtained from the bulk enthalpy (𝐻𝐻𝑏𝑏) of vaporization and boiling temperature 

(𝑇𝑇𝑚𝑚) using the relation 

 𝑆𝑆𝑏𝑏 =
𝐻𝐻𝑏𝑏
𝑇𝑇𝑚𝑚

 (2)  

The value of 𝐷𝐷0 is equal to 6ℎ where ℎ is the atomic radius. The shape factor for a particular 

geometry determines the fraction of atoms present at its surface to that of a spherical nanoparticle. 

The fraction of atoms (𝛿𝛿) at the surface is given by, n/𝑁𝑁 , where 𝑛𝑛 denotes the number of surface 

atoms and, the total number of atoms and are given by  

 𝑁𝑁 =
𝜂𝜂𝐿𝐿𝑉𝑉𝑐𝑐
𝑉𝑉𝐴𝐴

 

𝑛𝑛 =
𝜂𝜂𝑠𝑠𝐴𝐴𝑐𝑐
𝐴𝐴𝐴𝐴

 

(3a) 

 

(3b)  

Where the surface packing density 𝜂𝜂𝑠𝑠 and lattice packing density 𝜂𝜂𝐿𝐿  for standard planes like (100), 

(111), etc., and crystals like a face-centred cube, body centred cube are given in standard 

condensed matter physics textbooks.  𝑉𝑉𝑐𝑐 ,𝑉𝑉𝐴𝐴,𝐴𝐴𝑐𝑐, and 𝐴𝐴𝐴𝐴 are the volume of the nanoparticle, the 

volume of a single atom(𝜋𝜋ℎ3/6), the surface area of the nanoparticle and surface area of a single 

atom (𝜋𝜋ℎ2/4), respectively. Using these, the shape factor for a particular geometry is calculated 

as 
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𝜆𝜆 =

𝛿𝛿2
𝛿𝛿1

=
𝑛𝑛2𝑁𝑁1
𝑛𝑛1𝑁𝑁2

= �
𝜂𝜂𝑠𝑠2
𝜂𝜂𝑠𝑠1

� �
𝐴𝐴𝑐𝑐2
𝐴𝐴𝑐𝑐1

� �
𝑉𝑉𝑐𝑐1
𝑉𝑉𝑐𝑐2

� 
(4) 

Where the subscript 1 and 2 represent spherical and other geometry of nanoparticles, respectively.  

5.2. Shape factor for different geometries 

Pd has a face-centred cubic structure and its packing density 𝜂𝜂𝐿𝐿  is given by √2𝜋𝜋/6. The shape 

factor for different geometries with edge length 𝑎𝑎 is tabulated below in Table 1. 

Table 1. Shape factor for different geometries of Pd crystal. 

Geometry 𝜂𝜂𝑠𝑠 𝐴𝐴𝑐𝑐 𝑉𝑉𝑐𝑐  Λ 

Sphere with (111) facet √3𝜋𝜋/6 𝜋𝜋𝑎𝑎2 𝜋𝜋𝑎𝑎3/6 1 

Cube with 6 (100) facets 𝜋𝜋/4 6𝑎𝑎2 𝑎𝑎3 √3/2 

Octahedron with 8 (111) 

facets 
√3𝜋𝜋/6 2√3𝑎𝑎2 √2𝑎𝑎3/3 �3/2 

Cuboctahedron 8 (111) 

and 6 (100) facets 
√3𝜋𝜋/6 for (111) 

facets 

𝜋𝜋/4 for (100) facets 

(6 + 2√3𝑎𝑎2) 5√2𝑎𝑎3/3 0.5�3/2 

 

5.3. Calculating the catalytic activation energy of Pd NCs, Oh, and Coh 

The atomic radius of Pd is 0.210 nm, enthalpy of vapourization is 377.2 kJ/mol [70], boiling 

temperature is 2963 °C. Relative catalytic activation energy of Pd nanoparticles with a different 

geometry is shown in Table 2. 

Table 2. Relative catalytic activation energy of Pd nanoparticles with different geometry. *The 

nanoparticle size D is related to the edge length 𝑎𝑎 of an octahedron as√2𝑎𝑎. Octahedron edge length 

is observed to be 65 nm for the present case. 

Geometry Nanoparticle size  

(D in nm) 

Relative Catalytic activation energy 

(𝐸𝐸𝑎𝑎(𝐷𝐷, 𝜆𝜆)/𝐸𝐸𝑎𝑎(∞)) 
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NCs 60 0.9686 

Oh 91.9239* 0.9719 

Coh 50 0.9726 

 

The lower the catalytic activation energy, the high is its catalytic activity. For the present 

nanoparticle geometries, the catalytic activation energy is in the order of NCs < Oh < Coh. Hence, 

the highest catalytic activity is observed for cubic particles. 

 

6. Conclusions 

To summarise, three distinct monodispersed morphologies of Pd nanocrystals with three different 

low index facets were synthesised via a seed-mediated synthesis protocol. At various temperatures 

and reaction times, CTAB acts as a surface directing agent or growth directing agent by employing 

L-AA as a mild reductant. A slow reduction process occurred, leading to Coh morphology at 35 

°C containing {100} and {111} facets growth in 20 h. Whereas increasing the temperature resulted 

in the faster reduction rate and hence, at 55 °C and 70 °C Oh and NC morphologies were obtained 

revealing the facet growth of {111} and {100}, respectively. The Pd nanocrystals were used to 

analyze the standard reduction process for the conversion of 4-NA to 4-PDA, and the substituent 

effect of the –NO2 group was also studied using 3-NA and 2-NA. To know the exact role of 

dissimilar facets, different amounts of catalyst volume of the same concentration were used by 

keeping the total particle surface area, the same. It was observed that Pd NCs exhibited the best 

catalytic activity, followed by Oh and Coh. After observing the exceptional performance, the 

catalytic activity of the nanocrystals was further extended for the degradation of cationic dye, Rh 

B, and anionic dye, MO, by keeping all the parameters unaltered and Pd NCs showed the best 

performance following the same catalytic trend. It was confirmed from the above analysis that 

apart from the particle size and shape, the active facets on the surface are influential for the high 

effectiveness of the catalyst. The catalytic action of different facets following the order {100} > 

{111} > {100}{111} was understood from the theoretical study. Without applying any additives, 

all of the produced nanocrystals demonstrated high catalytic activity for NA reduction and dye 

degradation and could be reused for subsequent catalytic cycles.  

Notes 
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