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Abstract: Oxidation is a corrosion reaction where the corroded metal forms an oxide. Prevention of 9 
the oxidation at the nanoscale is critically important to retain the physicochemical properties of 10 
metal nanoparticles. In this work, we studied the stability of polyethylene glycol (PEG) coated cop- 11 
per nanoparticles (PEGylated CuNPs) against oxidation. The freshly-prepared PEGylated CuNPs 12 
mainly consist of metallic Cu which are quite stable in air although their surface is typically covered 13 
with a few monolayers of cuprous oxide. However, they are quickly oxidized in water due to the 14 
presence of protons that facilitated oxidation of the cuprous oxide to cupric oxide. PEG with car- 15 
boxylic acid terminus could slightly delay the oxidation process compared to that with thiol termi- 16 
nus. It was found that a solvent with reducing power such as ethanol could greatly enhance the 17 
stability of PEGylated CuNPs by preventing the further oxidation of cuprous oxide to cupric oxide 18 
and thus retain the optical properties of CuNPs. The reducing environment also assists the galvanic 19 
replacement of these PEGylated CuNPs to form hollow nanoshells; however, they consist of ultra- 20 
small particle assemblies due to the co-reduction of gold precursor during replacement reaction. As 21 
a result, these nanoshells do not exhibit strong optical property in the near infrared region. This 22 
study highlights the importance of solvent effects on PEGylated nonprecious metal nanoparticles 23 
against oxidation corrosion and its applications in preserving physicochemical properties of metal- 24 
lic nanostructures. 25 

Keywords: nonprecious metals; oxidation; corrosion; localized surface plasmon resonance; galvanic 26 
replacement 27 
 28 

1. Introduction 29 
Nonprecious metal nanoparticles such as copper nanoparticles (CuNPs) has at- 30 

tracted considerable attentions because of their earth abundance and excellent catalytic 31 
activities for diverse chemical reactions [1]. Copper is one of the few metals that exhibits 32 
unique optical properties by strongly absorbing and scattering light in the visible to near 33 
infrared region [2–5]. Aside from their catalytic and optical properties, Cu nanostructures 34 
can find use in printed electronics [6,7] and flexible conductive films [8,9] due to excellent 35 
electrical conductivity. These applications rely on the CuNPs remaining in the metallic 36 
state; however, CuNPs are prone to be oxidized in air as their surface to volume ratios 37 
increase compared to their bulk counterparts. Studies were conducted on the oxidation 38 
process and mechanism for the unprotected CuNPs. Yanase et al. found that the oxidation 39 
of small CuNPs (5–10 nm) involves a fast reaction of Cu to Cu2O and a slow reaction of 40 
Cu2O to CuO [10]. While in general the oxidation of CuNPs undergoes Cu → Cu(I) → 41 
Cu(II), the kinetics of the process varies by the size of CuNPs and the condition such as 42 
temperature and oxygen partial pressure (p). The oxidation of 15 nm CuNPs proceeded 43 
significantly slower than that of 4 nm CuNPs at 573 K and p = 0.1 Pa; however, a reverse 44 
order was observed at room temperature and p = 10 Pa by van Wijk et al. [11]. The latter 45 
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observation is contradictory to the finding by Diociaiuti et al. [12]. that larger particles (30 46 
nm) exhibited slow oxidation in air. This contradiction could perhaps be explained in a 47 
study of a self-limiting oxidation process that is directly related to the stress condition in 48 
the oxide shell [13]. Moreover, Diaz-Droguett et al. reported that upon exposure to air 49 
non-protected CuNPs (10–50 nm) grown under hydrogen using the inert gas condensa- 50 
tion method [14] had a Cu(I) shell Cu2O stabilized by a Cu(II) overlayer CuO [15]. A ther- 51 
mal study by Yabuki et al. indicated a threshold temperature (i.e., 200 °C) for the switch 52 
from slow to faster kinetics of Cu(I) to Cu(II) oxide [16].  53 

Despite the considerable interest in the oxidation of Cu nanoparticles on their dry 54 
state, it is more intriguing to study their oxidation in solutions due to their use in printed 55 
electronics [6,7] and flexible conductive films [8,9]. Corrosion of 50 nm CuNPs and 5 μm 56 
Cu microparticles with bare surfaces was studied in water by comparing their oxidation 57 
rate [17]. The oxidation rate of nanoparticles sharply increased initially and then level off 58 
while the oxidation rate of microparticles slowly increased until ions dissolved in solution 59 
reached equilibrium. On the other hand, for liquid phase synthesis, the resulting CuNPs 60 
are often protected by surface ligands which prevent the nanoparticles from oxidation to 61 
some degree. A number of studies have been conducted to investigate the role of ligands 62 
in the oxidation of CuNPs. For example, among a wide range of ligands studied including 63 
alkanethiols, phosphines, aliphatic amines, fatty acids, ~3 nm CuNPs capped by alkanethi- 64 
ols or oleic acid in toluene were able to survive from oxidation for a few minutes in air 65 
reported by Kanninen et al. [18] which agreed with the results from the previous study of 66 
the alkanethioate-protected 1–2 nm CuNPs by Chen et al. [19]. These studies, however, 67 
focused on ultra-small particles, the understanding of the ligand effects on large particles 68 
is lacking.  69 

On the other hand, different methods have been developed to slow down the oxida- 70 
tion of Cu. For example, CuNPs could be stabilized using a water soluble aminoclay ma- 71 
trix due to its remarkable permselective behavior by blocking the neutral molecule oxygen 72 
in contact with CuNPs [20]. Excess oleic acid slightly slowed down the oxidation of these 73 
nanoparticles from a few minutes to 30 min while excess of alkanethiols etched away the 74 
small CuNPs [18]. Different carboxylic acids were used to prevent oxidation in which lac- 75 
tic acid was the best due to the formation of Cu lactate on the surface [21], and formic acid 76 
enabled a copper formate shell to prevent CuNPs from oxidation [22]. Similarly, a thiolate 77 
capping ligand with a short alkyl chain and a carboxylic acid end group was found to be 78 
the most effective at curbing oxidation in air among eight thiolate capping ligands studied 79 
[23]. CuNPs synthesized in presence of poly(allylamine) and allylamine/glycerol were 80 
found stable for a long period of time possibly due to the amine group in these agents 81 
[24]. Organic corrosion inhibitors such as benzotriazole were used to passivate Cu nan- 82 
owires and prevent them from oxidation in optoelectronic devices [25]. Other strategies 83 
introduced coatings on CuNPs’ surfaces to protect CuNPs against oxidation such as a few 84 
layers of h-BN or graphene [26-28], carbon [29], barium borosilicate glass [30], polymethyl 85 
methacrylate [31], and silver [32,33]. More recently, bare CuNPs grew on the surface of 86 
[Gd2C]2+·2e- electride with extremely low work function could be stabilized in air by the 87 
excess electrons [34]. Despite these efforts, it remains challenging if or how to stabilize 88 
CuNPs in aqueous solution against oxidation.   89 

In this work, we studied the stability of polyethylene glycol (PEG) coated CuNPs 90 
(PEGylated CuNPs) suspended in aqueous solution and polar solvents, as well as its in- 91 
fluence in the optical properties of CuNPs and the use of PEGylated CuNPs as sacrificed 92 
templates in galvanic replacement. PEG is a commonly-used surface capping ligand due 93 
to its good solubility in polar solvents and good electrical conductivity that facilitate 94 
CuNPs in catalytic and electronic applications [1,7], as well as its biocompatibility making 95 
it environmentally friendly [35]. The CuNPs were synthesized by our previously estab- 96 
lished method in oil phase [5], followed by ligand exchange to replace surface coated or- 97 
ganic ligands with PEGs – also referred to as PEGylation process [36,37]. PEGs terminated 98 
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with two different functional groups (i.e., PEG-COOH and PEG-SH) were studied respec- 99 
tively. The freshly-prepared PEGylated CuNPs with size of ~50 nm were characterized 100 
mainly consisting of metallic Cu and are quite stable in air as dry powders. However, they 101 
quickly deteriorated in water due to the proton-associated oxidation and lost their local- 102 
ized surface plasmon resonance (LSPR) properties. A solvent with reducing power such 103 
as ethanol can prevent the increase of Cu vacancy and the loss of electron from the surface 104 
of the CuNPs and thus greatly enhance the stability of PEGylated CuNPs. Different tech- 105 
niques were employed to characterize nanoparticle morphology, crystal phases, and sur- 106 
face oxidation states of PEGylated CuNPs suspended in water and EtOH to elucidate the 107 
oxidation thermodynamics and kinetics. We then examined the use of the PEGylated 108 
CuNPs to react with gold salt precursor in the galvanic replacement. It was found that a 109 
mild reducing environment could facilitate the formation of hollow nanoshells.  110 

2. Experimental Methods 111 
2.1. Chemicals and Materials 112 

Copper (II) 2,4-pentanedionate (Cu(acac)2, 98%), 1-octadecene (ODE, 90%), tri-n-oc- 113 
tylphosphine (TOP, 90%), and tetrachloroauric acid trihydrate (HAuCl4·3H2O) were pur- 114 
chased from Alfa Aesar (Ward Hill, MA). Formic acid (99%), chloroform, and toluene 115 
were purchased from EMD (Burlington, MA). Sulfuric acid (ACS grade, 98%) was pur- 116 
chased from BDH (Poole, United Kingdom). Ethanol (100%) was purchased from Coptic 117 
(King of Prussia, PA). Oleylamine (OLAM, 70%), methoxypolyethylene glycol thiol (PEG- 118 
SH, M.W.= 5000), and methoxypolyethylene glycol acetic acid (PEG-COOH, M.W.= 5000) 119 
were purchased from Sigma Aldrich (St. Louis, MO). Isopropyl Alcohol (isopropanol) was 120 
purchased from Macron Chemicals (Radnor, PA). All experiments were conducted using 121 
18 MΩ H2O unless otherwise stated. All chemicals were used as received. 122 

2.2. Synthesis of PEGyated CuNPs  123 
The CuNPs were synthesized using our previously established method in oil phase 124 

[5]. Briefly, 52.4 mg of Cu (acac)2 was added into a 25 mL three-neck round-bottom flask 125 
containing 4 mL of ODE and 1 mL of OLAM under the protection of N2. After the addition 126 
of 1 mL of TOP, the reaction mixture was heated under N2 protection. When the temper- 127 
ature reached to 200 °C, small amount of CO produced by reacting 10 mL each of formic 128 
acid and sulfuric acid was introduced into the reaction mixture for 10 s. After the temper- 129 
ature reached 220 °C, the reaction mixture turned a deep red color, indicating the for- 130 
mation of CuNPs. The reaction was then allowed to run for an additional 20 min before it 131 
was quenched by removing the heating mantle and allowed to cool to room temperature. 132 
The product was transferred into a 50 mL centrifuge tube, followed by adding a mixture 133 
of ethanol and toluene (4:1). The CuNPs were collected by centrifuging at 8000 rpm for 5 134 
min and redispersed in 3 mL of toluene. 135 

For ligand transfer, 3 mL of the as-prepared CuNPs were added to 10 mL chloroform 136 
containing 1 mg/mL PEG-SH or PEG-COOH. The mixture was stirred at room tempera- 137 
ture for 8 h. The suspension was evenly distributed into two centrifuge tubes filled each 138 
with 30 mL of hexane. The PEGylated CuNPs (either PEG-SH coated CuNPs or PEG- 139 
COOH coated CuNPs) were collected by centrifuging at 10,000 rpm for 10 min. The re- 140 
sulting pellets were dispersed in ethanol, transferred in 1.5 mL centrifuged tubes, and 141 
centrifuged at 14,000 rpm for 30 min. After removing the supernatant, the pellets were 142 
dispersed in water and purified twice at 14,000 rpm for 20 min at 4 °C. The resulting 143 
PEGylated CuNPs were dispersed in 4 mL of solvents (i.e., water, ethanol, or isopropanol). 144 

2.3. Galvanic Replacement of PEG-Coated CuNPs with Gold Precursor  145 
A total volume of 200 µL of as-prepared PEG-coated CuNPs was diluted to 2 mL 146 

with different solvents (i.e., water, ethanol, or isopropanol) and their absorbance was 147 
taken. A concentration of 1 mM HAuCl4 with a total volume of 0.1 mL was added at a rate 148 
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of 0.001 mL/s to the above 2 mL PEG-coated CuNPs in a round bottom flask under con- 149 
tinuous magnetic stirring. The absorbance after the reaction was measured. The resulting 150 
mixture was centrifuged at 14,000 rpm for 30 min, and the pellet was washed twice with 151 
the corresponding solvent at 14,000 rpm for 15 min. The final product was dispersed in 152 
the corresponding solvent ready for characterization.  153 

2.4. Characterization  154 
Transmission electron microscopy (TEM) images were obtained using a transmission 155 

electron microscope (JEOL JEM-1011) with an accelerating voltage of 100kV. Samples 156 
were prepared by drop casting 3 μL of particle suspension onto Cu mesh TEM grids and 157 
allowed to air dry before imaging. X-ray powder diffraction (XRD) was performed using 158 
a benchtop X-ray diffractometer (Rigaku Miniflex II) with operation at 30 kV/15 mA and 159 
with Cu Kα radiation as the source. Each sample was prepared by drop casting about 60 160 
μL of sample onto a zero diffraction Si2O substrate with 10 μL at a time to form an even 161 
thickness and subsequently drying each layer with a stream of nitrogen. UV-Vis spectra 162 
were obtained using UV-vis spectrophotometer (Agilent Cary 50). XPS experiments were 163 
conducted with an ultrahigh vacuum (UHV) which has base pressures < 5 ×10−9 Torr and 164 
equipped with a hemispherical electron energy analyzer (SPECS, PHOIBOS 100) and twin 165 
anode X-ray source (SPECS, XR50). Samples were prepared by drop casting about 50 μL 166 
of each sample on clean Si substrates and gently drying with a stream of nitrogen. The 167 
radiation source was Al Kα(1486.6 eV) which was used at 15 kV and 20 mA. The analyzer 168 
and x-ray source had an angle of 45° between them and photoelectrons were collected 169 
along the sample surface normal. CasaXPS software was used to analyze the XPS spectra.  170 

3. Results and Discussion 171 
The CuNPs were synthesized by our previously established protocol by reducing Cu 172 

precursor in the presence of OLAM and TOP. These OLAM/TOP coated CuNPs were then 173 
reacted with PEG-COOH or PEG-SH in chloroform that allowed the ligand exchange pro- 174 
cess to take place in a miscible phase, illustrated in Figure 1A. The PEG molecules are able 175 
to replace OLAM/TOP on the surface of CuNPs and coordinate to Cu surface similar to 176 
the interaction of crown ether-metal ion chelating [38]. Additional PEG molecules could 177 
continue coating to CuNPs’ surface through van der Waals interaction (i.e. hydrogen 178 
bonding) to increase PEG coating thickness depending on the PEGylation time. Figure 1, 179 
B-D, displays the TEM images of the CuNPs before and after ligand exchange process for 180 
8 h. The histogram of size distribution analysis on the TEM image of each sample were 181 
plotted in Figure S1. The size of the OLAM/TOP coated CuNPs was estimated to be 34.8 182 
± 5.0 nm. The PEGylated CuNPs slightly increased in their size to 40.8 ± 5.3 nm and 42.3 ± 183 
5.6 nm, for PEG-COOH and PEG-SH, respectively. The size increase is corresponding to 184 
the thickness of the PEG coating estimated to be 3–4 nm. 185 
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 186 
Figure 1. (A) Schematic illustration of the ligand exchange reaction where the OLAM/TOP ligands 187 
on CuNPs were replaced by PEG-COOH or PEG-SH. (B–D) TEM images of OLAM/TOP coated 188 
CuNPs (B); PEG-COOH coated CuNPs (C); and PEG-SH coated CuNPs (D). 189 

After the ligand displacement reaction, the PEGylated CuNPs could be suspended in 190 
aqueous solution. We monitored their stability by UV-vis spectroscopy and XRD. It is 191 
known that the CuNPs exhibit LSPR in the visible region. The OLAM/TOP CuNPs have 192 
an LSPR at ~610 nm in their UV-vis spectrum and XRD shows their crystal structure of 193 
face-centered-cubic (fcc) phase (Figure S2). These PEGylated coated CuNPs with a size of 194 
~40 nm diameter displayed an LSPR at 610 nm; however, the LSPR feature quickly became 195 
broadening and shifted to the red after the CuNPs were suspended in water for a day 196 
(Figure 2, A and B). It is suggested the surface of CuNPs is likely oxidized. The speculation 197 
was verified by the chemical composition analysis by XRD where Cu2O was co-existed 198 
with Cu in the XRD patterns of the samples after a few days suspended in water (Figure 199 
2, C and D). The x-ray reflection peaks at 43.3, 50.3, and 74.1 degree were assigned to fcc 200 
Cu crystal structure while those at 36.2, 42.2, and 61.3 degree were indexed to cubic cu- 201 
prous oxide Cu2O [39]. The oxidation of metallic Cu to cuprous oxide is a spontaneous 202 
process at standard condition (4Cu(s) + O2(g) → 2Cu2O(s); 292 /o

r G kJ mol∆ = − ). The PEG- 203 
coated CuNPs could be oxidized in air; but it was very slow. They could be kept in dry 204 
air for a prolonged period of time with little change in their fcc Cu XRD pattern (Figure 205 
S3). However, the oxidation could be accelerated in moist air or in water by displacing Cu 206 
in the cuprous oxide by protons and thus lowering the activation energy of oxidation [40]. 207 
The further oxidation of Cu2O to cupric oxide CuO (2Cu2O(s) → 4CuO(s); 208 

226.8 /o
r G kJ mol∆ = − ) was observed in these PEGylated CuNPs as indicated by the small 209 

reflection peak at 29.5 degree in the XRD patterns of the oxidized samples. The reflection 210 
peak can be indexed to the (002) crystallography plane of the monoclinic CuO [26]. Dif- 211 
ferent terminus of the PEG chain has some effect on the oxidation process. PEG-COOH 212 
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coated CuNPs has a slight delay in the oxidation as indicated by a slightly lower content 213 
of Cu2O when comparing the relative peak intensity of Cu2O (111) to Cu (111). This could 214 
be attributed to the lower pKa of carboxylic acid (pKa = 4-5) than that of thiol (pKa = 10) 215 
that some surface Cu2O/CuO could be dissolved in PEG-COOH solution. It agreed with 216 
other studies that carboxylic acid (i.e. acetic acid) was used to remove surface oxides of 217 
Cu nanostructures [4, 41]. Further incubation of PEGylated CuNPs in water increased the 218 
degree of oxidation. The relative peak intensity of Cu2O (111) to Cu (111) increased and 219 
the CuO (002) reflection became more obvious in the XRD patterns obtained after 5 days 220 
suspended in water for both PEG-COOH and PEG-SH capping ligands (Figure S4).  221 

 222 
Figure 2. (A,B) UV-vis spectra of PEGylated CuNPs: (A) PEG-COOH; and (B) PEG-SH. Spectra in 223 
black, red, and blue was taken immediately after, after 1 day, and 3 days suspended in water, re- 224 
spectively. (C,D) XRD of the PEGylated CuNPs: (C) PEG-COOH; and (D) PEG-SH. The reflection 225 
peaks labeled in black and red are corresponding to the indices for fcc Cu and cubic Cu2O, respec- 226 
tively. The peak labeled with blue star is indexed to (002) of monoclinic CuO. 227 

The oxidation of PEGylated CuNPs was further characterized by TEM and XPS for 228 
the samples suspended in water after 5 days. It is known that cuprous oxide is metal de- 229 
ficient (Cu2-δO) and results in Cu vacancies in Cu sub-lattice [42–45]. The oxidation of Cu 230 
takes place by the transport of Cu2+ and electrons through Cu vacancies ( '

CuV , a single 231 
charged cation vacancy) and electron holes ( h , an electron hole) in cuprous oxide [32,33]. 232 
The formation of the vacancies can be described by the reaction in air ( 233 

'1 1
24 2( ) Cu Cu oO g Cu V h O+ + + ) or in the presence of water ( 234 

'1 1
22 2( ) Cu Cu oH O g Cu V h O+ + + ), where CuCu and Oo are the neutral cation and anion lat- 235 

tice site, respectively. Compared to dry air, water indeed increased the Cu vacancies and 236 
facilitate the electrons of the intermediate Cu2O thereby accelerating the oxidative corro- 237 
sion of the CuNPs. As proton in water accelerate the corrosion process, oxidation of PEG- 238 
coated CuNPs could be visualized by examining the CuNPs after suspended in water for 239 
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5 days under TEM. The oxidation occurred inhomogeneously with some CuNPs corroded 240 
much faster than the others. For example, a thick layer of oxides could be seen covering 241 
the surface of CuNPs (Figure 3A) while some of the oxides were hollowed out (Figure 3B), 242 
indicative of the formation of the Cu vacancies in Cu2O during the oxidative corrosion. 243 
The dissolved Cu+/Cu2+ from the CuNPs could nucleate/deposit to the dissolving CuNPs 244 
or self-nucleate, resulted in the formation of particulates with irregular shapes of size 245 
ranging from 50 nm to several hundred nanometers.  246 

 247 
Figure 3. (A,B) TEM images of PEG-SH coated CuNPs after suspended in water for 5 days indicated 248 
inhomogeneous oxidation. The surface of the CuNPs was covered by Cu2O/CuO with porous fea- 249 
ture indicated by a red arrow. (C,D) Cu2p XPS of the PEG-SH coated CuNPs freshly prepared (C) 250 
and after 5 days suspended in water (D). The red curve is the sum of blue and green curves that fit 251 
Cu2p3/2 and Cu2p1/2 regions with Cu/Cu2O and CuO, respectively. 252 

The samples were further analyzed by XPS to investigate the surface oxidation of the 253 
CuNP film within 10 nm from the top surface. Figure C and D display the Cu2p XPS of 254 
the samples before and after 5 days suspended in water. The relative intensity of satellite 255 
broad bands of CuO at 940–950 eV (Cu2p3/2) and 960–970 eV (Cu2p1/2) [48] increased after 256 
suspended in water for 5 days. The quantitative analysis of Cu2p3/2 and Cu2p1/2 peak fit- 257 
tings indicated that the CuO component increased from 46.1% to 67.6% after suspended 258 
in water for 5 days. Assuming that the thin film consisted of a monolayer of 50 nm CuNPs, 259 
roughly 20 at.% of a CuNP could be probed by XPS with a 10 nm penetration depth. For 260 
the CuNPs, the CuO content increased from less than half of 10 at.% to above 10 at.% 261 
crossing the detection limit of the XRD (~10%), agreed well with the XRD result.  262 

Can we introduce an environment suited for improving the stability of PEG-coated 263 
CuNPs in the suspension? One can hypothesize that a solvent can reduce the Cu vacancies 264 
and prevent loss of electrons in order to improve their stability. We test this hypothesis 265 
by suspending the PEG-SH coated CuNPs in alcohol such as ethanol which is frequently 266 
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used as a reducing agent in colloidal synthesis. Compared to water, we observed great 267 
improvement for the stability PEG-coated CuNPs in ethanol. The LSPR peak of the CuNPs 268 
at 610 nm remained unchanged in their optical spectra after 3 weeks suspended in ethanol 269 
(Figure 4A). For comparison with those suspended in water, we characterized the PEG- 270 
coated CuNPs suspended in ethanol for 5 days by XRD and XPS. The XRD pattern re- 271 
mained oxide free after 5 days suspended in ethanol where the peaks at 43.3, 50.3, 74.1, 272 
and 89.7 degree were assigned to fcc Cu, as shown in Figure 4B. The surface oxidation of 273 
these CuNPs was characterized by XPS (Figure 4 C,D). The relative intensity of CuO sat- 274 
ellite broad band slightly increased. The XPS indicated that the surface CuO on the CuNPs 275 
increased 35.6% to 49.4%; however, it remained below the detection limit of XRD. Similar 276 
trend was observed in the XPS spectra for the PEG-COOH coated CuNPs where ethanol 277 
prevented further oxidation of the surface Cu (Figure S5). 278 

 279 
Figure 4. (A) UV-vis spectra of the PEG-SH coated CuNPs suspended in ethanol freshly prepared 280 
and after 3 weeks. (B) XRD of the PEG-SH coated CuNPs after 5 day suspended in ethanol. (C,D) 281 
Cu2p XPS of the PEG-SH coated CuNPs freshly prepared (C) and after 5 days suspended in ethanol 282 
(D). The red curve is the sum of blue and green curves that fit Cu2p3/2 and Cu2p1/2 regions with 283 
Cu/Cu2O and CuO, respectively. 284 

Since it is difficult to differentiate Cu(I) from Cu(0) from Cu2p3/2, Cu LMM peak 285 
shape can be useful in determining Cu chemical states [48,49]. Figure 5 displays Cu LMM 286 
spectra (black curves) corresponding to the samples in Figure 3, C and D, as well Figure 287 
4, C and D. By comparing the Cu LMM peak shape, the PEG-SH coated CuNPs suspended 288 
in ethanol were less oxidized than those suspended in water immediately after prepara- 289 
tion, as shown in Figure 5, A and C, respectively. After 5 days, the suspension in aqueous 290 
solution became more oxidized (Figure 5B) while the suspension in ethanol appeared to 291 
be reduced (Figure 5D). For all these samples, 10 min of Ar sputtering completely re- 292 
moved the oxide exposed on their surfaces as indicated in the blue curves of each panel 293 
in Figure 5 which was corresponding to a few monolayers of atoms. This observation was 294 
confirmed by the Cu2p XPS spectra where the satellite peaks disappeared (Figure S6). The 295 
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Cu LMM-Cu2p3/2 peak position for each sample was analyzed and compared to literature 296 
(Figure S7) [49]. The result agreed well with the Cu LMM peak shape analysis. The surface 297 
of freshly prepared PEG-coated CuNPs was covered by a mixture of Cu2O (916.8 eV) and 298 
CuO/Cu at (917.7/918.6 eV). CuNPs in ethanol is more metallic as indicated by the shoul- 299 
der peak at ~921 eV. Water facilitated the oxidation of Cu → Cu2O → CuO, and therefore 300 
after 5 days in water, the surface is dominated by Cu2O along with more CuO. In ethanol, 301 
the surface was covered by CuO/Cu possibly because Cu2O was reduced to Cu by ethanol. 302 
From these results along with the XRD and TEM analysis, the alcohol solvent indeed pro- 303 
vided a reducing environment to improve the stability of PEG-coated CuNPs. 304 

 305 
Figure 5. Cu LMM spectra of the PEG-SH coated CuNPs: (A) suspended in water freshly prepared; 306 
(B) suspended in water for 5 days; (C) suspended in ethanol freshly prepared; (D) suspended in 307 
ethanol after 5 days. The black curves are the spectra of the pristine samples while the blue curves 308 
are the corresponding samples treated with 10 min of Ar sputtering to remove a few monolayers of 309 
atoms from the surface. 310 

We further explored how the stability of PEGylated CuNPs affects their use as sacri- 311 
ficed templates in the galvanic replacement reaction. The galvanic replacement at the na- 312 
noscale has been documented in the literature between Ag nanostructures and the Au salt 313 
precursor (HAuCl4) [50,51]. However, to replace Ag with nonprecious metals such as Cu, 314 
it encounters the challenges due to their instability and fast replacement kinetics in aque- 315 
ous solution. Figure 6A displays the TEM image of the product of the galvanic replace- 316 
ment between the PEG-SH coated CuNPs and HAuCl4 in water. Due to the instantaneous 317 
oxidation of these CuNPs by HAuCl4 in aqueous solution, the galvanic replacement 318 
yielded a mixture of collapsed hollow shells consisting of small Au clusters and agglom- 319 
erates of Au clusters. As a result, the LSPR blue shifted to 590 nm after the reaction, as 320 
shown in Figure 6, B and C. We then performed the galvanic replacement in ethanol where 321 
the PEG-SH coated CuNPs dispersed in ethanol was reacted with HAuCl4. Due to the 322 
strong reducing power of ethanol, the gold precursor Au(III) was quickly reduced to 323 
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Au(0) that either deposits on the CuNPs or self-nucleates to form Au nanoparticles (Figure 324 
6D). The LSPR also blue shifted after the reaction (Figure 6, E and F). To slow down the 325 
reduction of Au but still maintain a reducing environment, ethanol was switched to iso- 326 
propanol. The TEM image indicated that hollow nanoshells were formed, as shown in 327 
Figure 6G; however, the nanoshells were composed of ultra-small Au clusters instead of 328 
smooth shells. As a result, the corresponding LSPR blue shifted similar to that of the prod- 329 
uct in ethanol (Figure 6, H and I). In all cases, the LSPR appeared to be suppressed possible 330 
due to the existing of oxides mixed/adjacent to Au clusters similar to the finding by others 331 
[52]. Similar trend was found for the galvanic replacement of PEG-COOH coated CuNPs, 332 
suggesting that the terminus has little effect in the reaction. Although further optimization 333 
of the reaction is needed to slow down the reduction kinetics of Au, the result warrants 334 
the future investigation of galvanic replacement in a reducing environment for CuNPs to 335 
form hollow Au shells.  336 

 337 
Figure 6. TEM images of products and UV-vis spectra before and after the galvanic replacement 338 
reaction between PEG-SH coated CuNPs and HAuCl4 in different solvents: (A-C) water; (D-F) eth- 339 
anol; and (G-I) isopropanol. The scale bar is 100 nm. 340 

4. Conclusion 341 
We prepared PEGylated CuNPs with either PEG-SH or PEG-COOH through the lig- 342 

and exchange process of the OLAM/TOP coated CuNPs in chloroform. The freshly pre- 343 
pared PEGylated CuNPs were characterized by XRD as metallic fcc Cu, but their surfaces 344 
were covered by a few monolayers of Cu2O and CuO. Solvent plays a critical role on the 345 
stability of these PEGylated CuNPs. In aqueous solution, these PEGylated CuNPs quickly 346 
lost their optical properties due to the proton-facilitated oxidation. Carboxylic acid termi- 347 
nated PEG could slightly delay the oxidation compared to thiol terminated PEG. How- 348 
ever, the oxidation corrosion could be prevented by suspending in a solvent with reducing 349 
power such as alcohol. XPS reveals that ethanol can inhibit Cu2O from further oxidation 350 
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to CuO and thus enhance the stability of the PEGylated CuNPs and retain their optical 351 
properties. Furthermore, by controlling the reducing environment, these PEGylated 352 
CuNPs could serve as sacrificed templates in the galvanic replacement to form hollow Au 353 
nanoshells. However, further balancing the kinetics of the galvanic replacement of CuNPs 354 
and the reduction of Au is needed to yield nanoshells with continuous walls that exhibits 355 
near-infrared optical properties. This study provides insights of the solvent effects on 356 
PEGylated nonprecious metal nanoparticles against oxidation corrosion and its applica- 357 
tions in preserving physicochemical properties of metallic nanostructures. 358 
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Histograms of size distribution analysis of different CuNPs on the TEMs in Figure 1, B-D: (A) 361 
CuNPs; (B) PEG-COOH coated CuNPs; and (C) PEG-SH coated CuNPs.; Figure S2: Characterization 362 
of OLAM/TOP CuNPs suspended in toluene: (A) UV-vis spectrum showing LSPR at 610 nm; and 363 
(B) XRD pattern indicating face-centered-cubic (fcc) Cu.; Figure S3: (A) XRD pattern of the PEG-SH 364 
coated CuNPs kept in air for 5 days showing no change of the fcc metallic Cu phase. (B) XRD pattern 365 
of the SiO2 substrate, indicated that the weak broad band around 60 degree in (A) is from the SiO2 366 
substrate.; Figure S4: XRD patterns of PEGylated CuNPs suspended in water after 5 days: (A) PEG- 367 
COOH coated CuNPs; and (B) PEG-SH coated CuNPs. The reflection peaks labeled in black and red 368 
are corresponding to the indices for fcc Cu and cubic Cu2O, respectively. The peak labeled with blue 369 
star is indexed to (002) of monoclinic CuO.; Figure S5: Cu2p XPS and LMM spectra of the PEG- 370 
COOH coated CuNPs samples suspended in different solvents for 5 days: (A,B) water; and (C,D) 371 
ethanol.; Figure S6: Cu2p XPS of the corresponding PEG-SH coated CuNPs samples in Figure 3, C 372 
and D, as well as Figure 4, C and D after 10 min of Ar sputtering to remove surface oxides: (A) 373 
sample suspended in water freshly prepared; (B) sample suspended in water for 5 days; (C) sample 374 
suspended in ethanol freshly prepared; and (D) sample suspended in ethanol for 5 days.; Figure S7: 375 
(Top) The plot of Cu LMM peak position versus Cu2p3/2 peak position for samples before sputtering 376 
(black square) and after sputtering (red square). The labels, A to D, are corresponding to: (A) sample 377 
suspended in water freshly prepared; (B) sample suspended in water for 5 days; (C) sample sus- 378 
pended in ethanol freshly prepared; and (D) sample suspended in ethanol for 5 days. (Bottom) The 379 
plot of Cu LMM peak position versus Cu2p3/2 peak position for different substance from the litera- 380 
ture (Surface and Interface Analysis, 2017, 49, 1325).; Figure S8: TEM images of products and UV-vis 381 
spectra before and after the galvanic replacement reaction between PEG-COOH coated CuNPs and 382 
HAuCl4 in different solvents: (A-C) water; (D-F) ethanol; and (G-I) isopropanol. The scale bar is 100 383 
nm.  384 
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