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Monitoring of pH, especially under highly alkaline conditions, is necessary in various processes in the

industrial, biotechnological, agricultural, and environmental fields. However, few pH indicators that can

function at highly alkaline levels are available, and most of which are organic-based pH indicators. Several

years ago, it was reported that gold nanoparticles prepared using trisodium citrate dihydrate were rapidly

aggregated at pH values higher than ~12.7. A shift of surface plasmon resonance for such aggregated gold

nanoparticles can be applied to pH indicators, allowing for the substitution of traditional organic-based pH

indicators. The most important characteristic of pH indicators is the transition pH range. Herein, gold and silver

nanoparticles are prepared using different reducing agents, and their transition pH ranges are examined. The

results showed that all nanoparticles prepared in this study exhibit similar transition pH ranges spanning 11.9–

13.0, regardless of the nanoparticle material, reducing agents, and concentration. 
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Introduction

Monitoring of pH is an essential procedure frequently

performed in our daily life; pH measurements are continu-

ously conducted for a variety of applications in fields such as

hospitals, factories, and laboratories.1-5 In most cases, the pH

of a solution is measured with a pH meter or pH indicator.

The pH meter provides greater measurement accuracy than

pH indicators, though the former is more expensive than the

latter; moreover, pH meter requires additional calibration

processes before pH can be measured. In addition, because

pH probes, which are the measuring component in pH

meters, are usually made of glass, they are quite brittle and

may show an “alkaline error” in high-pH solutions. A pH

probe made of glass (amorphous silica) contains numerous

voids occupying cations on its surface. When the probes are

dipped into an acidic solution, parts of the voids are filled

with hydrogen ions and the surface of the probe becomes

positively charged. In contrast to acidic solutions, in an alka-

line environment, the hydrogen ions are released from the

probe surface, making it negatively charged; pH meters read

this change in potential on the probe surface and register it as

a pH value. When the concentration of hydrogen ions is very

low in a high-pH solution, the voids on the glass surface

begin to fill with different cations (e.g., Li+ or Na+) instead

of hydrogen ions. The glass-surface potential becomes less

negative than the true value; subsequently, the pH probes

recognize the solution as more acidic than in reality.6

Another method to measure the pH of a solution is by

using pH indicators. The color of a pH indicator changes in a

specific pH range; these color changes are different accord-

ing to the type of pH indicator. A variety of pH indicators are

available with transition pH ranges between 1 and 11. How-

ever, in the highly alkaline region beyond pH 11, only a few

pH indicators are useful. In addition, because even those pH

indicators that are useful in highly alkaline region are

flammable (e.g., Alkali blue 6B solution),7 explosive (e.g.,

1,3,5-Trinitrobenzene),8 or expensive or toxic (e.g., Tro-

paeoline O sodium salt),9 it is inconvenient to use them as

pH indicators under highly alkaline conditions. Several

years ago, a new concept for pH indicators based on metal

nanoparticles was introduced.10 In that report, the change in

the surface plasmon resonance band of Au nanoparticles

prepared by trisodium citrate dihydrate was used to monitor

the pH of a solution. As the solution pH values increase to

over ~12.7, Au nanoparticles become aggregated and their

resonant surface plasmons are shifted to the longer wave-

length region; accordingly, the transition pH range of Au

nanoparticles prepared by trisodium citrate dihydrate is

12.5–13.0. 

In this study, we investigate the applicability of Au and Ag

nanoparticles as pH indicators. Au nanoparticles are reduced

using sodium borohydride, and Ag nanoparticles are pre-

pared using two different reducing agents (trisodium citrate

dihydrate and sodium borohydride); both Au and Ag nano-

particles are found to show similar transition pH ranges,

regardless of the reducing agent used or the nanoparticle

material. To explain the aggregation of nanoparticles in the

highly alkaline region, the Derjaguin–Landau–Verwey–Over-

beek (DLVO) theory is adopted. The results of DLVO calcu-

lations show that the aggregation of nanoparticles is strongly

induced under highly alkaline conditions, regardless of the

reducing agents and materials used, and also show that the

nanoparticle concentration does not exert an influence on the

transition pH range of the indicator. This expectation is

experimentally confirmed.
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Experimental

Calculation of Interaction Energy Between Metal Nano-

particles. The interaction energies between Ag nano-

particles having diameters of 20 nm were calculated using

the classical DLVO theory.11 According to the theory, the

total interaction energy (VTotal) between nanoparticles is

expressed as the sum of two competitive interaction energies

(van der Waals interaction energy (VvdW) and electric double

layer interaction energy (Velec) (Eq. 1):

VTotal = VvdW + Velec   (1)

The value of VvdW between two spherical particles is deter-

mined from the radius of particle i (ai), distance between the

centers of two particles (R), and Hamaker constant (AH),

which is dependent on the particle material and the medium

between the particles (Eq. 2):

 (2)

Because the typical values of AH for Ag nanoparticles in

an aqueous solution fall in the range (10-40) × 10–20 J,12 an

averaged value of AH, 25 × 10–20 J, is used in this calculation.

The value of Velec can be calculated using two different

equations (Eqs. 3 or 4), depending on the value of the

inverse Debye length (κ) and particle radius (ai):

 (if, κa > 5)  (3)

 (if, κa < 5) (4)

In the above equation, “κ” and “Yi” are expressed as

follows:

(5)

 (6)

For calculation of “κ” and “Yi”, the temperature is assum-

ed to be 298 K. The zeta potential, as described in a previous

paper,12 is used instead of surface potential, “ψ0”. The zeta

potential varies according to the nature of the nanoparticle

material, reducing agent, and pH of the colloidal solution.

Synthesis and Characterization of Metal Nanoparticles

and Their Aggregates. Metal nanoparticles were prepared

using typical wet chemistry methods according to a previ-

ous report.13 In the conventional procedure, nanoparticles

were prepared by reducing Au or Ag ions (Au3+ or Ag+) with

two different reducing agents (trisodium citrate dihydrate

(Na3C6H5O7·2H2O) or sodium borohydride (NaBH4)). Citrate-

reduced Ag nanoparticles were prepared in one batch by

boiling with aqueous solution of AgNO3 (1.1 mM) and

Na3C6H5O7·2H2O (1.4 mM) under vigorous stirring until the

solution became turbid yellow. Borohydride-reduced Au or

Ag nanoparticles were synthesized by the drop-wise addi-

tion of a suitable amount of aqueous solution of NaBH4 (2

mM, 30 mL) to an aqueous solution of Au (KAuCl4 5 mM, 2

mL) or Ag (AgNO3 5 mM, 0.5 mL) cooled in an ice bath; as

the reaction progressed, the solution became either red (for

Au) or yellow (for Ag). The solution pH values were adjust-

ed with 0.1 M NaOH to desired point, and the pH values of

the colloidal solutions were measured using a stick-type pH

indicator (Type CF, Whatman) and a pH meter (inoLab 740,

WTW). The UV-Vis absorption spectra for Au and Ag nano-

particles were obtained using a traditional UV-Vis spectro-

photometer (3220UV, Optizen). For the solid-type pH indi-

cators using Ag nanoparticles, viscous Ag nanoparticles were

prepared from a highly concentrated solution of AgNO3

(1.05 mM) and Na3C6H5O7·2H2O (1.37 mM); the as-prepared

Ag nanoparticles were then applied as a spot on a filter

paper. 

Results and Discussion

The surface plasmon (SP) resonance energy of metal

nanoparticles is dependent on their aggregation; typically,

the resonance energy shifts to the red region as the metal

nanoparticles are aggregated. The aggregation of citrate-

reduced Au nanoparticles was previously reported to occur

rapidly at a highly alkaline pH (over ~12.7), with a color

change of the colloidal solution from red to dark blue (Fig.

1(a)); this was clearly seen in the UV-Vis spectra (cyan,

dotted line with circle and triangle symbols in Fig. 2(a)) of

the nanoparticles at highly alkaline pH values.10 The transi-

tion pH range is obtained from the UV-Vis spectrum by

plotting the absorption area between 600 and 800 nm against

pH. Because the color transition occurs rapidly at pH 12.7

(cyan, dotted line with circle symbols, in Fig. 2(c)), this

prior report suggested that the aggregation phenomenon

under highly alkaline conditions represents a new concept in

the pH indicator design for metal nanoparticle-based pH
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Figure 1. Color change of Au nanoparticles prepared using
trisodium citrate dihydrate (a)10 and sodium borohydride (b) from
red (left-side images in (a), (b)) to dark blue (right-side images in
(a), (b)) with an increase in pH to ~13. A similar color change
occurs for citrate-reduced (c) and borohydride-reduced (d) Ag
nanoparticles, where yellowish Ag-nanoparticle colloidal solutions
(left-side images in (c), (d)) become dark brown (right-side images
in (c) and (d)) at pH ~13. 
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indicators.10 Au nanoparticles can also be prepared from

sodium borohydride; usually, borohydride-reduced Au nano-

particles have different surface potentials compared to their

citrate-reduced analogs. To investigate the effect of surface

potential on the transition pH range, borohydride-reduced

Au nanoparticles were used instead of citrate-reduced Au

nanoparticles, and their color change was observed. The

colloidal solution changed from red to dark blue (Fig. 1(b));

the UV-Vis spectrum also showed a red-shift in the highly

alkaline region (pH of more than ~12.1) (red, dotted line

with circle and triangle symbols in Fig. 2(a)), which is in

accordance with the results for the citrated-reduced Au

nanoparticles. The transition pH range of the borohydride-

reduced Au nanoparticles was measured as 11.9–12.3 (red,

dotted line with circle symbols in Fig. 2(c)); this pH range

value is similar to that of citrate-reduced Au nanoparticles

(12.5–13.0).

Because Ag nanoparticles, like Au nanoparticles, are also

relatively resistant to oxidation and show strongly resonant

SP bands in the visible range, Ag nanoparticles can also be

used in many SP-related experiments instead of Au nano-

particles.14,15 Hence, it is readily expected that Ag nano-

particles would show similar characteristics as those of Au

nanoparticles, when used in their place. In addition, because

Au is more expensive than Ag, Ag nanoparticle-based pH

indicators, from an economic point of view, have the advant-

ages of low cost in comparison Au nanoparticle-based pH

indicators. According to the procedures reported in the liter-

ature,6 Ag nanoparticles were prepared using trisodium

citrate dihydrate (Fig. 1(c)) or sodium borohydride (Fig.

1(d)). Both the solutions were yellowish at pH 7 (the left

image in Figure 1(c) and (d), respectively) and their SP

resonant peaks were around 400 nm (the black and blue

dotted lines with circle symbols in Fig. 2(b), respectively),

meaning that both the solutions contain Ag nanospheres of

ca. 20 nm in diameter. When pH was increased from 7 to 13,

both the solutions changed from yellow to dark brown (the

right image in Fig. 1(c) and (d), respectively) and the SP

resonant peaks also shifted to the red region (the black and

blue dotted lines with triangle symbols in Fig. 2(b), respec-

tively), which is the result of nanoparticle aggregation. The

transition pH ranges of the as-prepared nanoparticles are

represented in Figure 2(c). The two differently prepared

(citrate- and borohydride-reduced) types of Ag nanoparticles

(the black and blue dotted line with circle symbols in Fig.

2(c)) showed similar transition ranges 12.2–13.0 and 12.3–

12.5, respectively; these ranges were also similar to those of

citrate- and borohydride-reduced Au nanoparticles (12.5–

13.0 and 11.9–12.3, respectively). From these experimental

data, it is concluded that the aggregation of Au and Ag metal

nanoparticles occurs rapidly at a similar transition pH range

(11.9–13.0), regardless of nanoparticle material, surface

potential, or reducing agents.

Experimental conditions can be set to roughly control the

concentration of nanoparticles; however, concentration can

be occasionally uncontrollable. Although several batches of

nanoparticles are prepared under identical conditions, the

concentrations of nanoparticles in each batch can be differ-

ent because of an unknown cause (e.g., presence of trace

impurities). If the transition pH range is varied with the

concentration of nanoparticles, transition pH range will be

also different on a nanoparticle batch-by-batch basis, and it

is unfavorable for practical application of metal nanoparticles

as pH indicators. The effect of concentration of nanoparticles

on the extent of the red-shift and transition pH range for

Figure 2. UV-Vis absorption spectra of Au/Ag nanoparticles:
citrate-reduced Au (cyan)10 and borohydride-reduced Au (red) (a);
citrate-reduced Ag (black) and borohydride-reduced Ag (blue) (b).
Surface plasmon resonant peaks for all metal nanoparticles are red-
shifted under highly alkaline conditions. Their transition pH ranges
are similar and are represented in (c).
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citrate-reduced Au nanoparticles was thus experimentally

investigated.

The pristine Au nanoparticles (1 × 1012 mL−1) were diluted

5 or 25 times, and the UV-Vis spectra for the diluted samples

were obtained at different pH values (Fig. 3(a)). In highly

alkaline region, the SP resonant wavelength for the aggre-

gated Au nanoparticles in the five-fold diluted sample ap-

peared at ~625 nm (black dotted line with triangle symbols

in Fig. 3(a)), which is shorter than the SP resonant wave-

length (~680 nm) of pristine Au nanoparticles (cyan dotted

line with triangle symbols in Fig. 2(a)). When the concent-

ration of Au nanoparticles was further diluted 25 times, the

extent of the red-shift became much smaller, and the

resonant wavelength for aggregated Au nanoparticles was

detected at ~530 nm (red dotted line with triangle symbols in

Fig. 3(a)) at high pH, corresponding to a slight red-shift from

the SP resonant wavelength (~520 nm) for a single Au

nanoparticle. The extent of the red-shift is proportional to

the concentration of nanoparticles, as shown in Figure 3(b).

Because the red-shift originally results from the aggregation

of nanoparticles,16 the extent of red-shift is also increased

with the number of aggregated nanoparticles; it can be

concluded that the number of aggregated nanoparticles at a

high concentration is larger than that at low concentration.

To determine the transition pH ranges for diluted nano-

particles, the absorption spectra taken at various pH values

were integrated between 600 and 800 nm, and their areas

were plotted against pH (Fig. 3(c)). Interestingly, the transi-

tion pH ranges of both diluted Au nanoparticle solutions still

appeared at pH 12, regardless of nanoparticle concentration.

The DLVO theory was adopted for understanding of the

pH-induced aggregation of metal nanoparticles. Total inter-

action energies (VTotal) between the spherical Ag nanoparticles

(20 nm in diameter) in aqueous solution were calculated by

varying the pH from 7 to 13, assuming that Ag nanoparticles

are prepared using sodium borohydride; their surface potential

was shown to decrease from −46 to −67 mV as the pH of the

colloidal solution was increased from 7 to 13 (Fig. 4(d)).17

When the solution pH was increased from 7 to 10, the height

of the potential barrier was also increased, whereas the width

of the potential barrier became narrow, resulting in a more

rapid decrease in VTotal; this suggests that the stability of two

Ag nanoparticles in close proximity at pH 10 is greater than

that at pH 7. For example, the value of VTotal at pH 7 at the

closest interparticle distance of 90 nm was calculated as

1.3760 × 10−20 J, which is 160-fold larger than that obtained

at pH 10 (0.0086 × 10−20 J) at the same distance. At pH 11,

the potential barrier width was further decreased, and the

height of potential barrier was also substantially decreased.

When pH was further increased above 11, the potential

barrier disappeared at pH values of 12 and 13, indicating that

nanoparticles are rapidly aggregated under highly alkaline

conditions (pH > 12). This theoretical estimation based on

the DLVO theory is well matched with the experimental

results, whereby the aggregation of borohydride-reduced Ag

nanoparticles occurred at pH 12.4. In the DLVO theory, the

interaction energy between nanoparticles is determined by

several parameters such as temperature, nanoparticle size,

and surface potentials. The temperature and nanoparticle

sizes can be thought of as constant parameters, because pH

measurements are performed at a constant temperature in

most cases, and nanoparticle size can be experimentally

controlled. On the other hand, the surface potentials of

nanoparticles are dependent on both their properties and

Figure 3. (a) UV-Vis absorption spectra for pristine citrate-
reduced Au nanoparticle samples under 5 (black dotted line) and
25 times (red dotted line) dilution. (b) The extent of resonant
wavelength red-shift for aggregated nanoparticles decreases with
concentration of nanoparticles. (c) Transition pH ranges for diluted
samples appear at ~12, similar to that for concentrated samples
(Fig. 2(c)). 
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preparation method. For example, the surface potential of

nanoparticles varies with the nature of their capping agents,18

nanoparticle materials,8,19 and pH of the colloidal solution.17

The zeta potential of the citrate-reduced Au nanoparticles at

pH 7 is −53 mV,8 which differs from that of the borohydride-

reduced Au nanoparticles (−36 mV),19 citrate-reduced Ag

nanoparticles (−43 mV),20 and borohydride-reduced Ag

nanoparticles (−46 mV)17. The pH of the colloidal solution

is also an important parameter determining the surface

potentials of nanoparticles. According to Hedberg et al., the

zeta potential of borohydride-reduced Ag nanoparticles

decreases from −46 to −67 mV as the colloidal solution pH

is increased from 7 to 13.17 On the basis of the assumption

that the zeta potentials of differently prepared nanoparticles

are also decreased by the same tendency as for borohydride-

reduced Ag nanoparticles, i.e., from −53 to −75 mV for the

citrate-reduced Au, −36 to −58 mV for borohydride-reduced

Au, and −43 to −64 mV for citrate-reduced Ag nanoparticles,

further calculations were performed (Fig. 4(a), (b), and (c)).

The results of DLVO calculation suggested that the citrate-

reduced Au, borohydride-reduced Au, and citrate-reduced

Ag nanoparticles are also rapidly aggregated when the pH of

colloidal solutions is increased beyond 12 in a similar

manner as for borohydride-reduced Ag nanoparticles. When

the pH of solution is increased, both surface potential (ψ0)

and Debye length (κ −1) are decreased. In spite of various

surface potentials in different nanoparticles, DLVO calcula-

tion shows similar result, and this result indicates that the

change of Debye length strongly affects to the aggregation

of nanoparticles more than that of surface potential.

Independency of transition pH range on concentration of

nanoparticles can also be explained using the DLVO theory.

According to the DLVO theory, the aggregation of nano-

particles directly correlates with the potential barrier. As

shown in the DLVO calculation in Figure 4, the potential

barrier for aggregation is strongly influenced by the pH of

the colloidal solution; however, the barrier is independent of

the concentration of nanoparticles. Accordingly, the transi-

tion pH range is susceptible to the pH of the colloidal

solution, and is not changed in diluted nanoparticle systems.

Supporting the metal nanoparticle-based pH indicator on a

solid substrate, such as a filter paper, would simplify its use

in practical applications. With these solid-type pH indicators,

the pH of a solution can be conveniently measured either by

dipping the indicator into a solution, or by dropping a solu-

tion onto the indicator. To demonstrate the utility of solid-

type pH indicators using metal nanoparticles, highly viscous

Ag nanoparticles were prepared using the procedures ex-

plained in Section 2.2 (Fig. 5(a)). A filter paper was stained

with the highly viscous Ag nanoparticles in several spots;

Figure 4. Interaction energy between citrate-reduced Au (a), borohydride-reduced Au (b), citrate-reduced Ag (c), and borohydride-reduced
Ag (d) nanospheres (20 nm in diameter) at varying colloidal solution pH values plotted against the closest distance between particle surfaces
using DLVO theory.
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alkaline solutions with different pH values (7.0, 9.0, 10.2,

11.3, and 12.8) were then dropped onto the stained spots as

shown in Figure 5(b). The relative contrast of each spot was

digitized using commercial imaging software, and was

plotted against the pH of the dropping solution (Fig. 5(c)).

Because the motion of Ag nanoparticles is limited on a solid

substrate, it is estimated that nanoparticles are not easily

aggregated, and their contrast is not influenced by highly

alkaline solutions. Interestingly, the spot exposed to a highly

alkaline solution (pH 12.8) had a distinctively different

contrast in comparison with the other four spots on which

lower-pH solutions (7.0, 9.0, 10.2, and 11.3) were dropped

(Fig. 5(c)). The transition pH of the solid-type pH indicator

was found to be pH ~12, which is also similar to the Ag

nanoparticle colloidal solution.

Conclusion

Herein, proof of concept for metal nanoparticle-based pH

indicator was examined. Interestingly, all nanoparticles used

in this study showed similar pH transition range (11.9–13.0),

regardless of nanoparticle material, reducing agent, surface

potential, and even the concentration of nanoparticles. This

result emphasizes high applicability of metal nanoparticle as

a new concept pH indicator which can substitute traditional

organic-based pH indicator. The DLVO theory was employ-

ed to explain the rapid aggregation at high pH (~12) and

similar transition pH ranges for all nanoparticles. Viscous

Ag nanoparticles were synthesized and applied to a solid

substrate (filter paper) to demonstrate the solid-type pH

indicator using metal nanoparticles. The result clearly repre-

sents high feasibility of solid-type pH indicator using metal

nanoparticles.
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