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Solid-State Green Synthesis of Ag
NPs: Higher Temperature Harvests
Larger Ag NPs but Smaller Size Has
Better Catalytic Reduction Reaction

Dina Sadeq Al-Namil, Elsy El Khoury & Digambara Patra*

In this work a novel solid-state green approach without using any solvent environment has been
proposed to synthesize Ag NPs. The synthetic condition has been investigated in 4°C, 20°C, 40°C

and 60°C and at ten different time intervals. This synthesis process gives different size and shape of
curcumin conjugated Ag NPs, which have been confirmed by various morphological and spectroscopic
techniques. It is found that higher temperature and longer time produces larger particles size and
different varieties in shapes. For example, Ag NPs prepared at 4 °C are spherical shapes whereas that
prepared at 60 °C are of spherical, rods, and many hexagonal shapes. At 60°C and after 5 and 7 days
the size of the prepared Ag NPs exceed the nano scale to reach micro scale level. This size and shape
distribution are well reflected in the optical properties as absorbance, fluorescence intensity and

SFS intensity of Ag NPs consistently increase with increase in temperature during synthesis. Ag NPs
obtained in different temperature and various time intervals have been subsequently tested as catalysts
for the reduction reaction, where 4-nitrophenol is reduced to 4-aminophenol in the presence of NaBH,,.
It is found that smaller particles have better catalytic properties for the reduction reaction.

Silver nanoparticles (Ag NPs) of different shapes and sizes can be prepared by controlling the synthetic pro-
cess! 1. Normally organic/inorganic materials are often prepared in a solvent environment, however, in solid
state synthesis, materials are prepared in solid state by mixing/grinding. In solid state synthesis procedure amount
of solvent used is limited and it also helps in making distinctive morphologies as well as compositions that may
be useful in advanced materials such as piezoelectrics, scintillation crystals, etc.!’. Thus, to make materials of
required functionalities, this solid-state synthesis approach is a green method'?. To control the size and shape of
the matter, solid state methods can have more advantages to prepare nanoparticles and tune their properties!2.

Synthesis of silver nanoparticles is an area that has witnessed much enthusiasm in recent time'®. These Ag
nanoparticles have exceptional optical, electrical, chemical and magnetic properties which are not same as that
obtained for their bulk match. Crystalline structure, composition, size, and shape of Ag NPs decide their prop-
erties. Ag NPs are applied in extensive range of potential used in various areas, which include catalysis, medicine
and biotechnology and catalysis due to those exclusive properties. Colloidal nanoparticles of Ag is among the
most widely investigated nanoscale materials'*. However, it can be achieved to tune the properties of Ag NPs in
the desired size and shape using the parameters discussed above'>®.

The main applications of silver nanoparticles are found in catalysis and as bactericides. For instance, Acacia
Nilotica pod mediated Ag NPs modified glassy carbon electrode has been reported to have greater catalytic activ-
ity when reducing benzyl chloride molecule compared to the use of glassy carbon and metallic Ag electrode’”.
The synthesized Ag NPs using the extract of Gloriosa superba is based on the electron relay phenomena which
will induce the degradation of methylene blue at the end of the 30 min'’. In this manuscript, we report for the
synthesis of Ag NPs using curcumin via solid state green synthetic approach. Curcumin, considered as non-toxic
and safe reagent, was found to be an excellent candidate to use in the preparation of nanoparticles through green
synthesis mechanism. Synergetic reducing technique has been optimized in our laboratory for the synthesis of
silver nano-particles using the curcumin as reducing agent at room temperature (~20°C), 4°C, 40°C and 60°C
respectively. The temperature can have an effect on the size and the shape of silver nanoparticles. The role of tem-
perature in the formation and growth of silver nanoparticles has been identified by scanning electron microscopy
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(SEM) and UV-VIS spectrometer techniques. Finally, the prepared curcumin conjugated Ag NPs have been
tested as catalyst for the reduction reaction of p-nitrophenol.

Materials and Methods

Materials. Most of the chemicals p-nitro phenol, silver nitrate, curcumin, sodium borohydride (NaBH,) and
ethanol were all obtained from Sigma-Aldrich and directly used without further purification. For catalysis 3.4 mg
of NaBH, in 3mL double distilled water (DDW) was prepared freshly.

Preparation of Ag NPs using curcumin.  For the preparation, a slightly modified method that we have
reported earlier'® was used. Briefly, using a pestle curcumin (184.19 mg, ~0.5mol) and silver nitrate (169.7 mg,
~1.0 mol) were together grinded in a marble mortar in the solid phase, grinding was continued until all the crys-
tals crushed, thus, turned into powder. The color changed from yellow to dark orange (depending on the temper-
ature it took from 30 min to 60 min) while grinding. 100 mL ethanol was then added to the powder mixture. Two
each 50 mL tubes were used where the solution was transferred. The total volume of the solution was approxi-
mately 95 mL. Subsequently, growth of Ag NPs continued in ethanol for 1, 2, 4, 8, and 16 hours and for 1, 2, 3, 5,
and 7 days at four different temperatures (at 4 °C, 20°C, 40 °C, and 60 °C). Afterwards the solution was incubated
for the specific time mentioned above in the tubes and solutions were centrifuged at 4000 rpm for 20 minutes at
20°C. In order to eliminate all the unreacted and unbounded curcumin present in the solutions, ethanol wash
was carried out and centrifugation was done for several time until getting a clear supernatant. Finally, 10 mL of
DDW were added to the precipitate and stored the final solution. For characterization using various techniques
such as, UV-visible absorption spectrophotometer, fluorometer, SEM etc., the stored sample was diluted 3 times
(1 mL diluted to 3 mL of water).

Instrumentation. Using a JASCO V-570 UV-VIS-NIR spectrophotometer, the UV-visible absorption
spectra were measured at room temperature. A Bruker d8 discover X-Ray diffractometer equipped with Cu-Ka
radiation (\ = 1.5405 A) was used to collect X-Ray diffraction (XRD) data. In this case the monochromater was
Johansson Type. Jobin-Yvon-Horiba Fluor log III fluorimeter (with a 100 W Xenon lamp as excitation source
and R-928 operating at a voltage of 950V as detector) was applied to measure emission and excitation fluo-
rescence spectra where the resolution increment was 1 nm and slit was kept 5 nm. Data were analyzed using
Fluorescence program. For measuring resonance Rayleigh scattering, synchronous fluorescence scan was applied
in the same instrument but in this mode the excitation and emission wavelength interval (AX) was kept at 0nm.
Using a Netzsch TGA 209 in the temperature range 30 °C to 1000 °C with an increment of 10K/min in a N,
atmosphere, all the thermogravimetric Analysis (TGA) was carried out. SEM analysis was made using Tuscan.
Ultracentrifugation technique was used for separation and washing the samples.

Results and Discussion

To understand the solid state synthesis of Ag NPs, a control was prepared by grinding 1 mmol of silver nitrate in
a mortar using a pestle, until the powder was very fine. The salt was then dissolved in ethanol and sonicated and
put in 2 tubes (27.5mL each). After two days the tubes were put in a centrifuge at 4000 rpm at 25 °C for 20 min-
utes (control). No residue was obtained as seen in Figure S1A (see Supporting Information, SI). In the second
case (sample 2), 1 mmol of silver nitrate was grounded in a mortar using a pestle, when the powder was very fine,
0.05mmol of curcumin was added and the reagents were grounded together at room temperature until the color
changed from the initially yellow to dark orange (for about 10 minutes) as depicted on Figure S2 (see SI). This may
be a result of association of Ag™ with curcumin and could be an indication of reduction process. The mixture was
washed and dissolved in ethanol then immediately centrifuged. The obtained residue (see Figure S1C, SI) was
analyzed subsequently. In the third case (sample 1), the sample obtained in second case was put in 2 tubes (40 mL
each). After two days (the sample was kept in ethanol for 2 days to see growth of Ag NPs in ethanol medium), the
solutions were centrifuged at 4000 rpm at 25 °C for 20 minutes and the residue was collected (see Figure S1B, SI)
and resuspended in ethanol by sonication and centrifuged again under the same conditions. Initially, all these
three samples were analyzed by UV-visible absorption spectroscopy. As can be seen in Figure S3, the control did
not show any absorption for Ag NP indicating that immediate ethanol wash does not reduce the silver ions. In the
second case for solid state synthesis, Ag NPs were obtained but the yield was small (see Figure S1C, SI) and showed
absorption for Ag NPs (see Figure S3). In the third case when the solution was incubated at room temperature for
two days, the yield was better and showed absorption for Ag NPs with higher absorbance. Solid state synthesis of
Ag NPs in the presence of curcumin (sample 2) was also confirmed by SEM and EDX analysis as given in Figure S4.

Subsequently, the curcumin conjugate Ag NPs were prepared in the solid state process using silver nitrate
and curcumin reacting as reducing agent, where Ag™ ions were reduced to metallic form Ag® and particles were
grown in ethanol at four different temperatures 4°C, 20°C, 40 °C and 60 °C as shown in Fig. 1. The two reagents
were mixed and grinded till the color turn from yellow to orange. Then the solid mixture was then dispersed in
ethanol and kept for 1 day for further growth. Ethanol medium was also helpful to prevent O, from entering the
mixture and forming silver oxide. To collect Ag NPs, for each time period/interval, the sample was centrifuged
for 20 minutes and washed it by ethanol until all the unreacted curcumin was removed from the Ag NPs surfaces,
this was confirmed when the washed out ethanol turned transparent instead of yellow color (due to unreacted
curcumin). After having the transparent solution, double distilled water was added to Ag NPs precipitated and
the solution was stored for further characterization and analysis.

The UV-visible spectra obtained for the four different temperatures are given in Fig. 2A,C. Curcumin has two
major absorption peak, one at ~266 nm for S,-S, transition and other at ~425nm for Sy-S, transition in aqueous
medium'®. However, the Ag NPs absorbance peaks were found around 400-450 nm in all the four temperatures.
The absorbance peaks for Ag NPs appear due to the elastic scattering phenomenon as a result of Surface Plasmon
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Figure 1. Preparation of curcumin mediated Ag NPs prepared by green solid state procedure.
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Figure 2. UV-visible absorption spectra of curcumin mediated Ag NPs prepared by green solid state procedure
at different temperatures after 1 day (A) and 3 days (C). Variation of absorbance with temperature during
preparation of curcumin mediated Ag NPs prepared by green solid state procedure after 1 day (C) and 3 days (D).

resonance (SPR). Sharp peaks were noticed in UV region for 4°C and 20 °C whereas for 40 °C and 60 °C it shifted
to a higher wavelength, this is due to Ag™ bounded to curcumin®.

When we did a comparison by keeping the time fixed (1 day or 3 days) and changing the temperature only,
as shown in Fig. 2A,C, it was observed that at higher temperature, the peak shifted to higher wavelength than
40°C, 20°C and 4°C. This happened because with higher temperature larger size particles are formed, which shift
the absorption to the longer wavelength. Curcumin has the ability to chelate on the cation metals like Zn*? and
Cu't? (M-L) whereby those cations bind to C =0 group of the 3-diketone moiety on curcumin®'. Interestingly,
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Figure 3. (A) Fluorescence spectra of curcumin mediated Ag NPs prepared by green solid state procedure at
different temperatures after 1 day; (B) Variation of fluorescence intensity with temperature during preparation
of curcumin mediated Ag NPs prepared by green solid state procedure after 1 day.
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Figure 4. (A) XRD pattern of curcumin conjugated Ag NPs prepared after 1day at 60 °C; (B) TGA of the
curcumin conjugated Ag NPs sample prepared at 60 °C and grown for 1 day.

temperature during preparation of Ag NPs had an impact on the absorbance of prepared Ag NPs after 1 day (see
Fig. 2B,D). The absorbance increased with increase in the temperature during preparation.

The fluorescence spectra of these Ag NPs were measured at excitation wavelength \ =425nm and depicted
in Fig. 3A. The fluorescence showed a broad spectrum with a maximum at ~515nm, which is similar to fluo-
rescence spectrum of curcumin. Normally curcumin in DDW has a maximum around ~540 nm, thus this shift
is an indication of conjugated curcumin at the surface of Ag NPs. Similar to the absorbance, the fluorescence
intensity increased with temperature during preparation of Ag NPs as presented in Fig. 3B. The difference in the
absorbance peaks and fluorescence intensity is essentially affected by the sizes and shapes of Ag NPs obtained.
The Resonance Rayleigh Scattering (RRS) spectra as shown in Figure S5A was measured by applying synchronous
fluorescence scan method by keeping the wavelength interval (AX) at 0nm. The Resonance Rayleigh Scattering
spectrum of curcumin conjugated Ag NPs at four different temperatures with ten different growth times showed
four bands. The first two bands are the due to excitation bands which is similar to what we have in UV-VIS spectra
in Figure S5A, and the other two bands are around emission region of curcumin conjugated Ag NPs particles. As
expected the SFS intensity is highly affected by the size, where bigger particles have higher SFS or RRS intensity.
Also when the temperature increased, the SFS intensity increased from ~1.3 x 108 in 4°C till ~4.6 x 108 in 60°C
at wavelength maximum as shown in Figure S5B.

To further confirm formation Ag NPs, the particles were collected by using the freeze drier to evaporate all the
water that we used to store the samples with. The solid samples were used to measure XRD. The XRD patterns of
curcumin conjugated Ag NPs for sample 2 (grown in ethanol for 1 day at 60 °C) and sample 1 (without ethanol,
taken immediately after grinding and washing) is shown in Fig. 4A and Figure S6, respectively. Both of them
showed similar pattern and confirmed formation of Ag NPs. The sharp Bragg reflection in the XRD indicates the
association of organic molecule to the Ag NPs. All the major peaks in XRD can be indexed for the face centered
cubic structure revealing the crystallinity property of the curcumin conjugated Ag NPs. The different peaks orig-
inated from the (111), (200), (220), and (3 1 1) planes of Ag NP, which perfectly match with the JCPDS card
number 4-0783%2. A major peak at lower 2 6 value might be due to the organic content of curcumin. The average
diameter of silver nanoparticles can be estimated from the (111) diffraction peak using Scherrer’s equation as
L=0.91 \/(8 cos a)** where L is the mean crystallite size, \ the wavelength of incident rays (1.5405 A), B is the
full width at half maximum (FWHM) of the highest intensity peak in radians, and « is the center angle of the
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Figure 5. (A) Fluorescence emission spectra of curcumin conjugated Ag NPs in different growth time intervals
at 425 nm excitation wavelength at 60 °C; (B) Fluorescence emission intensity at the maximum vs growth time
in hours for curcumin conjugated Ag NPs at 425 nm excitation wavelength at 60 °C.

peak in radian. The mean crystallite range for Ag NPs was determined to be 8.47 nm using this formula. This is
lower than the values found in the SEM images, which will be discussed later on. Thermogravimetric analysis is
presented in Fig. 4B, for the Ag NPs obtained at 60 °C within the one day sample. The decomposition temperature
for curcumin from literature is approximately at 400 °C and with a minor contribution at 200 °C?, so it has a wide
range of decomposition temperatures. In Fig. 4B it is found that a wide range of decomposition temperature that
started at approximately 250 °C till 600 °C, which is similar to decomposition temperatures of curcumin. In this
range, the weight loss mass of the organic compound was approximately ~8%. This indicates the presence of only
silver nanoparticles in the sample, and that all the AgNO; reacted with curcumin and formed Ag NPs and unre-
acted AgNO; were completely washed out.

To understand the kinetics, the solid mixture was dispersed in ethanol and growth of Ag NPs was monitored at
ten different times 1, 2, 4, 8 and 16 hours and after 1, 2, 3, 5, and 7 days. We noticed different peaks and intensities in
the UV-visible spectra for the different growth time samples due to the different sizes and shapes. With the 1, 2, 3, 5,
7 days growth samples, the peak position shifted to higher wavelength than the 1, 2, 4, 8, 16 hours growth samples,
which is due to bigger size of the particles at longer growth time. Similarly, the fluorescence for the different growth
time samples as given in Fig. 5A showed broad spectra without any remarkable change in fluorescence maximum.
But the fluorescence intensity of Ag NPs consistently increased with increase in growth time as provided in Fig. 5B,
which suggests growth of Ag NPs increase higher conjugation of curcumin around the nanoparticles.

The SEM images showed variation in the size of Ag NPs for the ten different times in all the four different tem-
peratures under studied. Figure 6 at 4°C shows how the particles became bigger with increase in growth time at
the same temperatures. The 1-hour growth sample showed a very small particle size for which we could not meas-
ure the radius, but from one day till seven days growth samples the particles size diameter ranged between 15 and
40 nm, and there were particles having smaller size with mostly a spherical shape. At 20 °C shown in Figure S7 the
particles became bigger with more variety in shapes like spherical and hexagonal shapes. The particles size of the
1-hour growth sample are very small in such a way that we could not measure the particles diameter. From one
day till seven days samples, the size ranged between 40 and 90 nm, in this case the particles shapes were spherical,
hexagonal and we noticed formation of rod-shaped particles. At 40°C, given in Figure S8, the size of the parti-
cles ranged between 20 and 100 nm. More variety in particles shapes spherical, hexagonal and rods shapes were
found. Figure S9 presents the ten samples at 60 °C, in this case the particles size were bigger, and the size ranged
from 30 to 130 nm, the shapes are mostly hexagonal with spheres and rods shapes. At all four temperatures under
investigation, we could see a good amount of particle aggregation. With different sizes and shapes in each sample,
also many of the SEM pictures showed imperfection, some blurriness or unclear images which may be due to the
presence of unreacted curcumin in the sample. During the sample preparation, we noticed there was a change in
sample color from light yellow in the one-hour growth sample to dark yellow or orange in the seven days growth
sample. Ag NPs prepared at 60 °C gave bigger particles than 40 °C. 20 °C gave bigger particles than 4 °C. To enlarge
the particles or form cylinders, triangles or hexagons shapes particles during incubation at different temperature,
the extra silver is coming from the unreacted Ag™ ion present in the solution. However, DLS data as depicted
in Fig. 7A shows that increase in the temperature during synthesis decreases the particles size, which confirms
aggregation of small Ag NPs prepared at lower temperature.

One of the important applications of silver nanoparticles is that they are used as nano-catalysts for the reduc-
tion of 4-nitrophenol with NaBH, (nitro-reduction). 500 microliters (0.5 ml) of curcumin conjugated Ag NPs
was added to 15mM of NaBH, that was prepared instantly, then they were mixed together with 0.15mM of
4-nitrophenol, the total volume was equal to 3 mL. The initial color of the mixture was yellow, then it turned to
transparent solution because of the reduction 4-nitrophenol to 4-aminophenol, after the addition of NaBH,. The
reduction reaction is given in Fig. 8.

The reduction of 4-nitrophenol was observed by measuring the change in the absorbance of 4-nitrophenol at
400 nm, and to confirm that this reduction happens a peak at 290 nm was also identified for the 4-aminophenol?>%.
To study the effect of the curcumin conjugated Ag NPs as a catalyst on the reduction of 4-nitrophenol to
4-aminophenol, first we measured the absorbance of the reduction of 4-nitrophenol by using UV-VIS spectra
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Figure 6. SEM images of curcumin conjugated Ag NPs in different growth time intervals at 4 °C.

without curcumin conjugated Ag NPs, and then we measured the reduction reaction in the presence of curcumin
conjugated Ag NPs. In the first reaction, the absorbance of 4-nitrophenol at 400 nm decreased with time, and
for complete reduction we need approximately 300 hours®. In the second reaction absorbance of 4-nitrophenol
at 400 nm was monitored in the presence of curcumin conjugated Ag NPs with time, it was found that in the
presence of curcumin conjugated Ag NPs 4-nitrophenol reduced within a few minutes (12 minutes maximum)
as shown in Fig. 7B,C. This is because curcumin conjugated Ag NPs will adsorb sodium borohydride and make
the reduction of 4-nitrophenol to 4-aminophenol faster. Therefore, curcumin conjugated Ag NPs prepared at the
different temperatures at ten different growth times can be excellent catalysts for the reduction of 4-nitrophenol.

However, different size and shape of Ag NPs were obtained at different temperatures, 20°C, 40°C, 60°C, and
for ten different growth times, therefore, the catalytic activities were compared for Ag NPs that were prepared
in different temperatures at ten different growth times. The catalysis reaction considered to be pseudo first rate
reaction because of the decreasing in intensity of the absorption peak at 400 nm over time, so a linear relation was
observed between In (A/A,) vs. time (see Fig. 7D), but the concentration of sodium borohydride considered to be
constant. The equation below represents the linear relationship between In (A/A,) and time:

In(A/A,) = —kt

where A, is the initial absorbance of the reaction system, A is the absorbance at time t, and k is the rate constant of
the chemical reduction. From this kinetic curve, the rate constant k (s™!) was calculated and it shows that 7 days
growth time at 60 °C has lower k which is equal to 0.035s™". For further investigation we found that curcumin
conjugated Ag NPs prepared in 20 °C served as excellent catalysts for the reduction of 4-nitrophenol based on half
life period. The half-life period was calculated as below:
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Figure 7. (A) Diameter of the Ag NPs prepared at different temperature as obtained from DLS measurement;
(B) Change in the absorbance of 4-nitrophenol at ~400 nm in the presence of NaBH, with curcumin conjugated
Ag NPs prepared at 20 °C; (C) Absorbance change at 400 nm of 4-nitrophenol in the presence of NaBH,

during curcumin conjugated Ag NPs prepared at 20 °C; (D) Change in In (A/A,) with time during reduction of
4-nitrophenol in the presence of NaBH, with curcumin conjugated Ag NPs prepared at 20 °C.
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Figure 8. Reduction reaction of 4-nitrophenol to 4-aminophenol after the addition of NaBH,.

t;, = 0.693/k

It shows that 20 °C have the lowest t;;, and 60 °C have the highest t,/, as depicted in Fig. 9. This enhancement
must be due to the different shape and size of Ag NPs in the different temperatures and growth times like we
observed in the SEM images depicted in Fig. 6, S7-S9, and from those Figures we can see that samples prepared
at 20°C have in general smaller particles compared to that prepared at 40 °C and 60 °C, smaller size also suggests
higher surface to volume ratio of the particles. From different reviews of the literature it has been agreed that the
reduction of 4-nitrophenol to 4-aminophenol in the presence of NaBH, was held on the surface of the Ag NPs, and
that Ag NPs adsorb the H,, the hydrogen (H,) is released when NaBH, reduces water to hydrogen like the equation:

NaBH, + 2H,0 — NaBO, + 4H,
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Figure 9. Change in t,;, with the growth (preparation) times at four different temperatures, 20 °C, 40 °C and
60°C.

4-Nitrophenol

4-Aminophenol

Figure 10. The mechanism of Ag NPs as catalyst during reduction reaction for 4-NP.

Curcumin conjugated Ag NPs act as a hydrogen carrier and the H will be transported from NaBH, to 4-NP.
Then the molecules of 4-NP lose electrons, to form 4-aminophenol then the latter will desorb from the surface of
curcumin conjugated Ag NPs surface as shown in Fig. 10%°.

Conclusion

Synthesis of curcumin conjugated Ag NPs was reported using a solid-state green approach without using any
solvent environment. Ag NPs synthesized in four different temperatures 4 °C, 20°C, 40 °C and 60 °C and at ten dif-
ferent time intervals provided different size and shape of curcumin conjugated Ag NPs, as confirmed by various
morphological and spectroscopic techniques. It was established that higher temperature and longer time creates
larger particles size and different varieties in shapes. For example, Ag NPs prepared at 4°C were spherical shapes
and that prepared at 60 °C were of spherical, rods, and many hexagonal shapes. At 60 °C and after 5 and 7 days the
size of the prepared Ag NPs reached micro scale level. This size and shape distribution were also reflected in the
optical properties. It was noitice that absorbance, fluorescence intensity and SFS intensity of Ag NPs consistently
increased with increase in temperature during synthesis. Ag NPs obtained in different temperature and various
time intervals were subsequently tested as catalysts for the reduction reaction of 4-nitrophenol to 4-aminophenol
using NaBH, as a reducing reagent. It was shown that smaller particles have better catalytic properties for the
reduction reaction, thus, using solid state green synthesis approach size and shape of nanoparticles can be tuned
for its better applications such as in catalysis.
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