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1. Introduction

Over the last two decades, AuNP have 
attracted significant attention in many 
application areas, such as biomedical 
applications,[1] sensors,[2] and photo nics.[3] 
AuNP have also been proven to hold great 
potential in catalysis.[4] AuNP have been 
widely synthesized and investigated as the 
catalyst in various reactions, such as CO 
oxidation,[5] aerobic oxidation of alcohols,[6] 
hydrogenation,[7] coupling reactions,[8] and 
reductive reactions.[9] AuNP present excel-
lent performance in high catalytic activities, 
simple purification, easy recovery, and recy-
clability, all extensively used in industrial 
applications. As a classic model reaction, 
the reductive reaction of nitrophenol to 
aminophenol with the help of sodium boro-
hydride (NaBH4) has often been utilized to 
evaluate the catalytic activities of AuNP.[10] 

Previous studies reported that the size,[11] shape,[12] and capping 
ligands[13] of AuNP play essential roles in catalytic activities and 
are crucial factors determining the reaction rate. For example, 
Fenger’s work demonstrated that 13  nm CTAB capped AuNP 
presented the highest catalytic activity for nitrophenol reduction 
if the size of the AuNP is between 3.5 and 56 nm.[11b] Zboril and 
co-workers proved that gold nanoparticles with decreasing size 
presented increasing catalytic activity for the same reaction.[14] 
It has been demonstrated that smaller particles are much more 
active than bigger particles because they provide a higher sur-
face area. To the best of our knowledge, only very few literatures 
have been published on the influence of the size of AuNP with 
the same total surface areas (i.e., ΣNiAi  =  ΣNjAj, Ni, Nj are the 
number of particles i and j, respectively and Ai, Aj represent sur-
face area of the single nanoparticle i and j) but different particle 
diameters on the nitrophenol reductive reaction. For example, 
Puntes et al. described that if the AuNP possess well-controlled 
decahedral morphology,[11e] the activity of the AuNP decreases 
with increasing size. It was proposed that gold atoms are lower 
coordinated on the smaller nanoparticle than on the bigger ones.

This work aims to provide new insights into the influence 
of the surface area and structure of AuNP on their catalytic 
behavior by a detailed study from a different perspective. For 
this purpose, the catalytic nitrophenol reduction was carried 
out with AuNP of various sizes. The condition was that the total 
surface areas of AuNP of different sizes were kept the same. To 
bring the finding on broader data basis, the experiments were 
performed with two different capping ligands, citrate (Ct) and 
poly vinylpyrrolidone (PVP).

Gold nanoparticles (AuNP) are widely used for reaction catalysis. The 
common understanding is that the smaller the particles, the more reactive 
they are. It is reported here that this is not always the case for citrate (Ct) 
or polyvinylpyrrolidone (PVP) stabilized AuNP in the catalytic reduction of 
4-nitrophenol with sodium borohydride (NaBH4), when the total surface 
area is kept constant. The results prove that for AuNP in the size range of 
10–58 nm, the reactivity increases with increasing particle diameter for the 
investigated model reaction. The trend of catalytic activity is independent of 
the conjugated ligands for citrate and PVP ligands. Purely based on size and 
resulting surface area, the trend in catalytic activity is unexpected. Only a 
more detailed structural investigation revealed that internal structure param-
eters like defect tendency also play a strong role. Larger AuNP possess more 
defects between crystalline domains. Further, the influence of the ligand den-
sity on the surface of AuNP and the diffusion effect of reactants are excluded 
for the nitrophenol reduction.
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2. Results and Discussion

The AuNP were synthesized by the traditional Frens method[15] 
with some modifications.[11a] AuNP of different sizes were 
synthesized by controlling the ratio between chloroauric acid 
(HAuCl4) and sodium citrate (Na3Ct). An excessive amount of 
sodium citrate was used during the synthetic process to elimi-
nate the effect of the unreactive HAuCl4. Based on these meas-
ures, 10 to 58  nm citrate capped spherical AuNP (Ct@AuNP) 
were prepared (Table S1, Supporting Information). The size 
of AuNP decreases with increasing ratio of Na3Ct/HAuCl4 as 
observed by transmission electron microscopy (TEM) (Figures 
S1 and S2, Supporting Information). The red-shifted UV–vis 
absorption spectra of Ct@AuNP also implied that the size 
of AuNP increases with decreasing ratio of Na3Ct/HAuCl4 
(Table  S1, Supporting Information). In addition, the size of 
AuNP obtained by dynamic light scattering (DLS) is in good 
agreement with the TEM data (Table S1, Supporting Infor-
mation). For the PVP capped AuNP (PVP@AuNP), the par-
ticles with sizes ranging from 10 to 58  nm were obtained via 
the ligand exchange method from the Ct@AuNP. The PVP@
AuNP presented the same size distribution and morphology as 
the pre-synthesized Ct@AuNP (Figure S3, Supporting Infor-
mation). To prove the occurrence of ligand exchange, UV–vis 
absorption spectroscopy and ζ potential analysis of the PVP@
AuNP were performed before and after ligand exchange. A 
slight red shift in the UV–vis absorption spectroscopy can be 
observed due to the higher molecular weight of the PVP com-
pared to the citrate (Table S2, Supporting Information). The ζ 
potentials of the Ct@AuNP of different sizes are negative and 
in the range of −30.0 to −44.5 mV, which was attributed to the 
adsorption of the citrate on the surface of the AuNP (Table S1, 
Supporting Information). After ligand exchange the ζ poten-
tials of the PVP@AuNP are in the range of −25.4 to −37.5 mV 
(Table S2, Supporting Information). The results indicate that 
PVP@AuNP has a slightly lower ζ potential than the corre-
sponding Ct@AuNP of the same size. Even if PVP is not nega-
tively charged, the experimental determined zeta potential is 
negative. This is counterintuitive but in good agreement with 
literature and may hint to partial ligand exchange.[16] Another 
proof of the successful ligand exchange can be the change of 
the colloidal stability from Ct@AuNP to PVP@AuNP with 
the later being more stable (less aggregation and sedimen-
tation). A dramatic red shift of the absorption peak in the 
UV–vis spectra of Ct@AuNP can be observed after the addition of  
0.3 m NaCl, whereas the spectra of the PVP@AuNP remained 
the same before and after addition of the 0.3 m NaCl. (Table S2 
and Figure S4, Supporting Information).

The determination of the total area of the AuNP is of high 
importance. The total area is defined as ΣNiAi (i represents a 
certain AuNP in an ensemble, Ai is the surface area of a cer-
tain shape (e.g., sphere, cylinder), and Ni is the number of 
AuNP with that shape) (Figure S5, Supporting Information). 
For example, Ai is 4πR2 for a sphere with a radius of R and 
2πR2 + 2πRL for a cylinder with a radius of R and a length 
of L. The kinetic study assumes that the small and big AuNP 
have on average identical total surface areas. Even if AuNP are 
expected to be spherical on average, derivation from this ideal 
shape becomes more likely with increasing size (Figure S2, 

Supporting Information). To get a measure of the limits of a 
spherical approximation, small-angle X-ray scattering (SAXS) 
as a volume-sensitive method was performed on a diluted 
42  nm AuNP colloidal solution and a more concentrated col-
loidal solution of 10  nm AuNP (Figure S6, Supporting Infor-
mation). Experimental data of both colloidal solutions could be 
described with a model of spherical particles (with a Gaussian 
size distribution). In detail, sizes of 2RSAXS  = 11.2  ± 1  nm 
and 2RSAXS  = 31.6  ± 4.8  nm for the small and large AuNP 
were obtained (solid lines in Figure S6, Supporting Informa-
tion). Thus, we assumed that the average particles are spher-
ical enough to apply the equations (Figure S5, Supporting 
Information).

Additionally, we determined the longest particle dimen-
sion by TEM analysis (measuring the longest axis L of at least  
100 particles) and it was then utilized in the equations (Figure S5,  
Supporting Information). We are convinced that this averaged 
value, when inserted into equation given in Figure S5 in the 
Supporting Information, will enable estimation of the errors 
(maximum deviation) of the experimentally determined rate 
constant k. The TEM analysis led to values of 10 and 42  nm, 
respectively. Therefore, for the bigger AuNP the kinetic experi-
ments were performed under UV–vis monitoring and the 
results were evaluated in two different ways, i.e., based on the 
total area of the NP determined either from TEM or from SAXS 
measurements leading to kTEM (reaction rate constant based 
on TEM-derived NP size) and kSAXS (reaction rate constant 
based on SAXS-derived NP size) (Tables S3 and S4, Supporting 
Information).

The reduction of 4-nitrophenol was selected as a model 
reaction due to its facile catalytic condition without side reac-
tions. Further, this reaction can be easily monitored by UV–vis 
spectroscopy.[17] The equations in Figure S5 in the Supporting 
Information were utilized to calculate the mass of gold required 
to be employed in the 4-nitrophenol reductive reaction. The 
content of Au species in AuNP was determined by inductively 
coupled plasma optical emission spectroscopy (ICP-OES). The 
utilized mass of gold species is shown in Table S3 in the Sup-
porting Information.

The color of the solution of nitrophenol changed from light 
yellow to dark yellow immediately after the addition of NaBH4, 
which came along with a change of the characteristic absorp-
tion peak of the 4-nitrophenolate ions at 400 nm. Representative 
UV–vis spectra of the reductive procedure with time (Figure 1a) 
describe the change of UV–vis optical spectra of 4-nitrophenol 
reduction using 10 nm Ct@AuNP. A gradual decay of the char-
acteristic peak at 400 nm and an emerging peak around 300 nm 
can be observed due to the generation of aminophenolate. As an 
excessive amount of NaBH4 was employed in the experiment, 
the reaction condition can be regarded as pseudo first-order. 
The apparent reaction rate constant k (e.g., kSAXS and kTEM) of 
the reduction of 4-nitrophenol by NaBH4 with the help of the 
gold catalyst can be described by the following equation [18]

ln ln
0 0

− = − =
C

C

A

A
ktt t  (1)

where k is the apparent reaction rate constant, t is the reaction 
time, Ct, and C0 represent the concentrations of the nitrophenol 
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at time t and initial time, respectively. Ct and C0 can also be 
described by the intensities of the corresponding 4-nitropheno-
late ion absorption peak At and A0. Hence, the plot of ln(At/A0) 
versus time (t) shows a linear tendency (Figure  1b). k value is 
calculated from the early stage of the reaction for about 8 min 
in accordance with the previous literature,[19] to avoid the influ-
ence from side reactions occurring later.

AuNP of six different sizes from 10 to 58 nm were prepared 
with two different ligands, namely, citrate (Ct@AuNP) and pol-
yvinylpyrrolidone (PVP@AuNP). Then all AuNP were investi-
gated in the reductive reaction under the same conditions, only 
varying the amount of employed AuNP to keep the total surface 
area the same (Table S3, Supporting Information). Figure 2a 
displays the plot of ln(At/A0) of reactions catalyzed by nanopar-
ticles of different sizes. In the case of Ct@AuNP, the reductive 
reaction using the 58 nm AuNP provided the highest reaction 
rate constant (kTEM = 0.10 min–1). Also, the lowest rate constant 
was observed with the smallest 10 nm AuNP (kTEM = 0.03 min–1).  
The reaction rate showed an increasing tendency with an 
increase of the size of the Ct@AuNP (Figure  2c). In other  
words, if the total surface area (ΣNiAi = ΣNjAj, i and j correspond 
to smaller and bigger particles) was kept the same, the bigger 
particles provide higher catalytic activities. To further verify this 

observation, PVP@AuNP were prepared and employed in the 
reductive reaction under the same conditions. The reduction  
of 4-nitrophenol catalyzed by differently sized PVP@AuNP over 
time showed a typical induction of about 5  min, which is in 
good agreement with the literature[10b] (Figure  2b). Reaction 
rate constants using PVP@AuNP as the catalyst exhibited the 
same tendency as that of the Ct@AuNP (Figure 2d) (Table S3, 
Supporting Information). The 10  nm PVP@AuNP had the 
lowest catalytic activity with a kTEM value of 0.052 min–1. In con-
trast, the 58 nm PVP@AuNP had the highest catalytic activity 
with a kTEM value of 0.11 min–1. The results may hint at a higher 
reaction rate when using PVP@AuNP compared to Ct@AuNP.

As has been previously mentioned, the kinetic experi-
ments were also performed in the other way, that is, the total 
surface area was determined by SAXS. For example, for the 
AuNP which are 42  nm on average in the longest dimension 
(TEM result) and 32  nm on average according to SAXS anal-
ysis (based on a spherical shape of the particles), we found  
kSAXS  = 0.073 min–1 and kTEM  = 0.092 min–1 for Ct@AuNP. 
For the corresponding PVP@AuNP, kSAXS  = 0.081 min–1 and  
kTEM = 0.097 min–1 (Tables S3 and S4, Supporting Information). 
From the fact that the resulting k values are in a similar range, 
we conclude that even the big particles are spherical enough on 
average so that the equations (Figure S5, Supporting Informa-
tion) can be used as an approximation.

In previous studies, the influence of the surface areas has 
been widely studied, and it has been well confirmed that higher 
surface areas result in higher catalytic reaction rate. We con-
trolled the total surface area (NiAi) by using the equation in 
Figure S5 and Table S3 in the Supporting Information to cal-
culate the required volume of colloidal solution based on the 
particle diameter and concentration in the different samples. 
By this method, our current study offers a perspective on the 
discussion of the catalytic behavior by comparing colloidal 
solution of small (Ni high) and big (Ni low) particles with iden-
tical total areas. The reaction rate increased with an increase 
of the size of AuNP. This result is supported by the finding of 
the Pal group.[11c] Based on the results mentioned above, dif-
ferent hypotheses were proposed in the following parts, which 
are assumed to affect the catalytic behavior of AuNP, namely 
defects within the crystalline structure, diffusion of the reac-
tants to the catalytic surface, and ligand density on the surface 
of AuNP.

To investigate the influence of defects on the catalytic 
activity of AuNP, the crystal structures of Ct@AuNP with an 
average size of 10 and 42  nm were further studied by Cs-cor-
rected TEM (Figure 3). Although the selected area diffraction 
(SAED) patterns of both Ct@AuNP on general survey images 
were polycrystalline (Figures S7 and S8, Supporting Informa-
tion), single-crystalline and polycrystalline NP co-exists in the 
case of 10  nm sized Ct@AuNP, as evidenced by the high-res-
olution TEM (HRTEM) image (Figure  3). HRTEM images of 
Ct@AuNP with an average size of 42 nm show complex poly-
crystalline structures (Figure  3h), along with domains that do 
not exhibit any lattice fringes, most probably representative of 
amorphous regions within the AuNP. While the absence of lat-
tice fringes is not bijective for an amorphous nature, the largely 
spherical form of the AuNP makes a preferential ordering with 
respect to the TEM grid very unlikely. The differences in the 

Figure 1. Kinetic study assuming a kinetic of pseudo-first-order. a) UV–
vis spectral change of 4-nitrophenol reduction using 10  nm Ct@AuNP 
catalyst versus the time. b) The corresponding linear fitting of the UV–vis 
spectral change of 4-nitrophenol using 10 nm Ct@AuNP as the catalyst 
with time.
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crystal structure might be attributed to the different sizes of 
the Ct@AuNP. A recent in situ TEM study[20] revealed that NP 
undergo amorphous-phase-mediated crystallization, where the 
amorphous phase transforms into the crystalline phase. In all 
likelihood “capsule-like” larger NP have more remaining amor-
phous parts on their surface compared to smaller ones.

According to the literature,[21] generally AuNP could form 
face-centered-cubic (fcc) crystalline structures due to their ther-
modynamical stability. Typically, the major facet on the surface 
of the large AuNP is Au (111).[22] Thus, the marked region in 
Figure 3g,h may be amorphous or not. It may be explained by 
different crystallographic planes or defects as a result of dif-
ferent crystalline domains. Such defect structures include twin 
boundary, grain boundary, edge dislocation, screw dislocation, 
stepped surface, kink, and island.[23] To sum up, it seems that 
there are presumably more defects on the surface of the larger 
AuNP due to their inherent deficiencies generated from the 
synthetic methods.

Differences in the degree of crystallinity may go along 
with the size of the NP and are suggested to be one critical 
factor determining the overall catalytic activities (Scheme 1). 
Distortion is suggested to induce defects, which for their part 
influence the association or dissociation of the reagent to the 
surface of the AuNP, and hence the catalytic activity. Further, 
it has been reported that amorphous nanostructures with 
abundant defects exhibited higher catalytic activities com-
pared with crystalline nanostructures.[24] In that sense, larger 
AuNP containing more defects have higher catalytic activities 
than smaller ones.

Another possible explanation for the enhanced catalytic 
activity of larger AuNP might be a modification of the reac-
tant diffusion close to the catalytic surfaces, e.g., via an exten-
sion of the time that a reactant molecule remains close to 
the surfaces. To investigate this hypothesis, we implemented 
a computational algorithm to solve the convection–diffusion 
reaction equation using a Lattice–Boltzmann scheme (see 
the Experimental Section in the Supporting Information). In 
the simulations, either one large or two small nanoparticles 
are placed in a periodic box surrounded by solvent containing 
an initially homogeneous concentration of the reactant spe-
cies A (nitrophenol). As in the experiment, NaBH4 is available 
in excess; we implemented a first order A to B (aminophenol) 
reaction (with a reaction rate k) taking place whenever the 
reactant is in the immediate neighborhood of the nanopar-
ticle. We compared two simulation scenarios with either one 
large or two small AuNP contained in a periodic box. The 
AuNP radii are chosen such that the total surface area is 
identical in both cases. A snapshot of the latter simulation is 
shown in Figure 4a.

Figure  4b shows the progress of the reaction with time for 
both scenarios: in contrast to the experimental observation, the 
reaction rate is entirely independent of the AuNP size with the 
simulation. Figure S9 in the Supporting Information shows 
that an additional hydrodynamic flow, corresponding to stirring 
in the experiment, does not affect this finding. We then inves-
tigated the influence of the nanoparticle surface itself on the 
diffusion coefficients of the reactant molecules: it is known that 
increasing hydrodynamic resistance slows down the diffusion 

Figure 2. Kinetic study assuming a kinetic of pseudo-first order. a,b) First-order linear fitting of ln(At/A0) versus time using 10–58 nm citrate and PVP 
capped AuNP as catalysts for the 4-nitrophenol reduction to determine kTEM in Equation (1). c,d) Plot of kTEM versus the size of citrate and PVP capped 
AuNP for the reduction of 4-nitrophenol.
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of molecules close to surfaces and induces an anisotropy in the 
system, i.e., diffusion perpendicular to the surface is slowed 
down more firmly than diffusion lateral to the surface. To study 
this effect, we used a particle model (see the Experimental 
Section in the Supporting Information ) that accounts for ani-
sotropic surface-modified diffusion.[25] Figure S10 in the Sup-
porting Information shows, however, that the overall reaction 
efficiency is affected equally for small and large nanoparticles. 

To conclude this theoretical investigation: surface-modified dif-
fusion of the reactant species in the proximity of the catalytic 
AuNP can be ruled out as an explanation for the enhancement 
of the overall catalytic activity of larger AuNP observed in our 
experiments.

Furthermore, ligands on the surface of the AuNP also 
have huge impact on their catalytic activities. Previously 
published articles have demonstrated that many parameters 
of the ligands can be influential, such as the functionaliza-
tion and the molecule weight of the ligand.[13b,26] Hence, it 
is of significant importance to explore the ligand density of 
the AuNP within our work. Ligand density was determined 
according to the literature.[27] With the help of 1H NMR and 
ICP-OES, quantitative studies of the ligand density of 10 nm 
11-mercaptoundecanoic capped AuNP (MUA@AuNP) and 
42  nm MUA@AuNP were carried out. Detailed procedure 
is described in the Experimental Section in the Supporting 
Information. The results indicated that the ligand densities 
of the AuNPs of the two different sizes were calculated to be 
6.9 and 7.5 nm−2, respectively. Hence, AuNP have a similar 
number of ligands per surface area, which is independent of 
the size. This result is in good agreement with literature.[27] 
This observation reveals that ligand density might not play 
an essential role in the catalytic behaviors of AuNP of dif-
ferent sizes.

Figure 3. TEM study of Ct@AuNP. a) TEM image of 10 nm Ct@AuNP at 
low magnification, b) TEM image of 42 nm Ct@AuNP at low magnifica-
tion, c) TEM image, and d) HRTEM image of Ct@AuNP with an average 
size of 10 nm showing a single crystalline structure. e) TEM image, and 
f) HRTEM image of Ct@AuNP with an average size of 10 nm showing 
polycrystalline structure. g) TEM image, and h) HRTEM image of Ct@
AuNP with an average size of 42 nm showing polycrystalline and probably 
amorphous structures.

Scheme 1. Schematic illustration of the lower catalytic activities of AuNP 
with an average size of 10  nm compared with those of AuNP with an 
average size of 42 nm. The red boxes display one part of the surface of 
a certain AuNP.

Figure 4. a) Illustration of the concentration of the product species at 
t/tmax  =  0.01 for the scenario of small spheres. Red and blue lines rep-
resent high and low concentrations, respectively. b) In contrast to the 
experimental findings, our diffusion–reaction model suggests that large 
and small catalytic particles exhibit very similar catalytic activities, thus 
ruling out surface-modified diffusion as an explanation for the experi-
mental findings.
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3. Conclusion

In this work, Ct@AuNP ranging from 10 to 58 nm were synthe-
sized by citrate reduction, and the corresponding PVP@AuNP 
were obtained via ligand exchange. Thereafter, the nitrophenol 
reduction reaction was performed by investigating AuNP of dif-
ferent sizes under the same conditions while keeping the total 
surface area the same. The results of catalytic reaction suggested 
that AuNP of different sizes with the same total surface area pre-
sented different catalytic behaviors. More defects populate on the 
surface of AuNP of larger size based on the result of HRTEM, 
which could result in more active sites distributed on their sur-
face. This observation may provide an explanation for the size-
dependent enhancement of the catalytic reaction. Our current 
study promotes the design of catalysts with more surface defects 
to facilitate and enhance the catalytic reaction. In addition, it is 
possible that the difference in nanoparticles’ stabilities during 
the catalytic reaction can lead to different aggregation states of 
the nanoparticles, which may then influence the reaction rate. A 
similar amount of ligand density in the nanoparticles’ solutions 
does not mean that the same amount of the most active sites of 
AuNP were occupied for nanoparticles of different sizes, which 
can be a potential research topic for further study.
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