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Abstract 

Zinc foil was carbonated in supercritical CO2 in the presence of water containing stable 
18

O or 

deuterium isotopes. The carbonation resulted in precipitation of zinc carbonate crystals with 

hexagonal and cubic morphologies until the source of hydroxyl groups was depleted. Time-of-

flight secondary ion mass spectrometry was utilized to map the isotopes in the precipitates. The 

isotopes were detected in the precipitated structures, which confirms the formation of carbonic 

acid as the initial corrosion procedure step, followed by zinc dissolution. This finally leads to the 

arrangement of zinc ions with carbonate ions, and storage of OH-groups between ZnCO3 layers 

as Zn(OH)2 or molecular water. The results completed chemical composition data obtained with 

molecular spectroscopy. Mapping of the distribution of hydrogen and oxygen isotopes by ToF-

SIMS provided essential information on the reaction routes of carbonation in a humid scCO2 

environment. 

 

Keywords: supercritical carbon dioxide, zinc foil, 
18

O-water, deuterium, ToF-SIMS 

 

 

 

*Title Page

mailto:ville.saarimaa@topanalytica.com


Graphical Abstract



 18O and deuterium isotopes were used to study reaction routes in humid supercritical 

carbon dioxide carbonation 

 

 Isotopes in the formed reaction products were mapped by ToF-SIMS 

 

 The presence of hydroxyl groups was unambiguously observed in Zn carbonate nanowires 

 

 Zn carbonate was discerned from zinc hydroxy carbonate by ToF-SIMS mapping of 

deuterium 

 

 ToF-SIMS is an efficient tool to investigate reaction routes in synthesis of novel 

nanomaterials 
 

Highlights (for review)



figure1r0.png
Click here to download high resolution image

http://ees.elsevier.com/matchemphys/download.aspx?id=1918361&guid=38467a63-df27-4eb3-806e-c048a038d101&scheme=1


figure2r0.png
Click here to download high resolution image

http://ees.elsevier.com/matchemphys/download.aspx?id=1918362&guid=98d6898d-2047-495c-a4ca-b415567e0b5b&scheme=1


figure3r0.png
Click here to download high resolution image

http://ees.elsevier.com/matchemphys/download.aspx?id=1918363&guid=df69b29f-e4ed-44c7-81df-12a40ad69d0a&scheme=1


figure4r0.png
Click here to download high resolution image

http://ees.elsevier.com/matchemphys/download.aspx?id=1918364&guid=de1d7e3f-f611-4ed8-8dd9-a180984134e3&scheme=1


figure5r0.png
Click here to download high resolution image

http://ees.elsevier.com/matchemphys/download.aspx?id=1918365&guid=bc082670-66db-428e-b6be-5bbaae714726&scheme=1


Figure6
Click here to download high resolution image

http://ees.elsevier.com/matchemphys/download.aspx?id=1918426&guid=bf526478-d2b5-482d-ad76-711beda5e9ed&scheme=1


figure7r0.png
Click here to download high resolution image

http://ees.elsevier.com/matchemphys/download.aspx?id=1918366&guid=9c2a45d0-6a2b-49f4-9403-56ff548cb0b6&scheme=1


1 
 

1. Introduction 

Metallic zinc is easily oxidized in a humid atmosphere, which results in rapid formation of 

various simple zinc oxides and hydroxides[1]. These initial zinc corrosion products are in the 

presence of CO2 slowly converted into more complex compounds, with basic zinc carbonates 

(Znx(CO3)y(OH)z) accounting for most of the species in atmospheres free of contaminants[2]. 

Compared to salt-induced corrosion processes, carbonation is a slow process[3]. In outdoor 

exposure, an unprotected zinc substrate receives a carbonated outer layer within some months or 

years, depending on the local atmosphere, while in laboratory experiments with abundant CO2 

supply the same end products can be formed even in some days or weeks[4,5]. The time required 

for the formation of stable zinc compounds is further decreased to minutes or hours when a zinc 

substrate is exposed to humid supercritical carbon dioxide (scCO2)[6]. Contrary to outdoor 

exposure, scCO2-assisted precipitation of zinc compounds in laboratory produces zinc 

compounds with a well-defined morphology. The formed precipitates are free of impurities, and 

such layers are thus suitable for many advanced application areas either as such or as a seed layer 

for synthetization of functional materials[7–11]. 

Most of the research related to reactions of metals in humid carbon dioxide-rich environments 

has been conducted in the area of CO2 capture plants[12–18], but some similarities can be found 

in carbonation of minerals[19–23]. It is well known that carbonic acid is formed when water is 

present in a scCO2 medium (CO2 + H2O ⇌ H2CO3)[24,25]. Release of ions from a zinc substrate 

is locally induced by the carbonic acid, and the presence of carbonate ions promotes precipitation 

of zinc (hydroxy) carbonates that proceeds until the supply of zinc ions and carbonate ions is 

depleted[6,26–29]. Zinc carbonate and zinc hydroxy carbonate are some of the main reaction 

products in humid CO2-assisted zinc carbonation[30]. The reaction steps were recently 

investigated by ex-situ and in-situ FTIR and Raman measurements[31,32]. In humid scCO2 

systems, a thin layer of liquid water is proposed to be present on the corroding surface, allowing 

interaction of the different ions (Zn
2+

, OH
-
, HCO3

-
, CO3

2-
)[21,33]. The early corrosion products, 

that is nanoscale ZnO platforms, serve as initiation points for the carbonate growth[34]. The 

growth of individual structures is governed by the reaction temperature and pressure. Hydrated 

metal species are more prone to exchange their OH-groups for carbonate at higher temperature, 

which favors formation of zinc carbonate (cubic structures)[20,32]. On the contrary, lower 
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temperatures increase retention of OH-groups, which favors formation of zinc hydroxy carbonate 

(nanowires). Water is required for formation of both structures. The cubic structures (anhydrous 

carbonates) are primarily formed at elevated pressure at supercritical state (high amount of 

dissolved water), while the growth of nanowires (OH-group containing carbonates) is fastest at 

lower pressure where the capacity of CO2 to dissolve water is decreased and water is precipitated 

on the metal surface[34].  

However, the presence of hydroxyl groups in the formed precipitates cannot always be 

completely resolved by molecular spectroscopy[21,35]. Furthermore, the exact reaction routes in 

various carbonation processes are not yet fully understood. The purpose of this study was to 

clarify the role of hydroxyl groups in humid scCO2-assisted carbonation of zinc. 

Time-of-flight secondary ion spectroscopy is an important surface sensitive analytical technique 

capable of distinguishing different ions based on their mass[36–38]. ToF-SIMS has proven 

efficient in analyzing the chemical composition of corroded surfaces[39–41], and 
18

O-water and 

D2O tracers have been utilized to corrode specimens for specific investigations[42,43]. Although 

the quantitative accuracy of  ToF-SIMS is delimited, the lateral resolution is optimal for mapping 

of ion fragments in corrosion products[37,43,44]. In addition to corrosion product 

characterization, ToF-SIMS has been proven efficient in determination of structure and 

morphology of other nanomaterials[45], and recently in analysis of spatial distribution of 

components in photoelectrodes[46] and battery materials[47].  

In this study, deuterium (
2
H) and oxygen-18 (

18
O) 

_
marked waters were used in scCO2

_
assisted 

synthesis of zinc carbonate species on zinc foil, and the presence of these isotopes was mapped 

in the formed nanostructures. 

2. Materials and methods 

2.1.Substrate 

Zinc foil (0.62 mm thick, 99.9% zinc, Alfa Aesar) was used in all the experiments. The zinc foils 

were polished in ethanol using SiC paper with grit sizes of 800, 1200, 2000 and 4000. Finally, 

the samples were cleaned with ethanol and dried.  



3 
 

2.2.H2O-assisted carbonation 

The following isotopes were used: deuterium oxide (D2O, 99.9 atom-% D, Sigma Aldrich, 

Canada) and 
18

O water ( ≥99 atom-% 
18

O, Taiyo Nippon Sanso Corporation, Japan). The 

exposures were carried out by first applying a droplet of water (approx. volume 5 μL) on zinc 

foil, followed by scCO2 treatment in a batch reactor at 300 bar and 50°C. Then a new droplet of 

the same water was applied on the same area of zinc, followed by submersion in liquid CO2, and 

carbonation at 65 bar and 22°C. In both cases, the treatment was carried out until the water 

droplets were depleted. The dual exposure was performed to produce two different 

nanostructures on the same zinc foils[32]. 

2.3.Surface characterizations 

A Zeiss Gemini instrument was employed for SEM imaging of the precipitates. A Bruker 

QUANTAX FlatQUAD energy dispersive spectrometry (EDS) system was used for element 

mapping. The signals were collected using a 3 kV accelerating voltage, a 1.2 nA current and a 

0.5 µm Mylar window. Time-of-flight secondary ion mass spectroscopy (ToF-SIMS, Phi Trift II) 

was employed for mapping of ions. The measurements were carried out at 25 kV and 50 µm 

raster size for a total mapping time of about 1 h. Mild sputtering (30 nC) with Ga
+
 ions preceded 

the measurements. Fourier transform infrared spectroscopy was performed with a Bruker Alpha 

instrument at 2 cm
-1

 resolution. The measurements were performed in the region 375-4000 cm
-1

 

with a single reflection diamond ATR. 

3. Results and discussion 

3.1. SEM imaging of a carbonated zinc foil 

After humid carbonation, two different morphologies were observed on the surface: long 

nanowires and cubic structures (Fig. 1). The original smooth zinc foil was also visible in the 

background. The presence of carbon and oxygen was confirmed in both structures by EDS 

mapping, indicating the presence of carbonate compounds. The close-up images confirm that the 

zinc carbonate crystals can grow in size in cubic or hexagonal forms that in the literature have 

been proposed to initiate from small nano-polycrystalline regions on the surface (Fig. 

2)[14,17,33,48]. Furthermore, also hollow nanowires were observed, which have not been 

reported earlier (Fig. 2a). 
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3.2. ToF-SIMS mapping of carbonated zinc foils 

3.2.1. Dry carbonation 

SEM image of a zinc foil exposed to dry carbonation, and the ToF-SIMS ion maps from the 

same area, are shown in Fig. 3. The sample featured a flat, polished surface without visible 

corrosion products, but with contributions from oxygen and hydroxyl groups evenly scattered 

across the surface. Adsorption of adventitious atmospheric hydrocarbons and humidity-induced 

hydroxyl groups onto sample surfaces can result in an increase of apparent surface contamination 

layer of up to few tens of atom-%[49]
,
[50]. No deuterium or 

18
O-ions were detected. OD

-
 and 

18
O

2-
 ions have overlapping masses, but neither fragment was detected, which means that their 

natural occurrence is very small and that they do not interfere with the experiments with isotope 

marked waters. 

3.2.2. Carbonation in the presence of 
18

O-water 

The presence of 
18

O-water triggered precipitation of various compounds on the surface (Fig. 4). 

Zinc carbonate formation has previously been verified in a humid scCO2 atmosphere[6]. In the 

ToF-SIMS element maps, H
+
, O

2-
 and OH

-
 ions were observed in both morphologies. Within the 

structures, some local intensity variations were observed that originate in the orientation of the 

structures related to the incoming ion beam and the detector (shadowing effect). Adsorption of 

adventitious surface contamination can be assumed to occur for this sample similarly as for the 

reference sample (Fig. 3) and the distribution of O
2-

 or OH
-
 ions can be smeared by the potential 

adsorbed contaminations and were not further examined. No deuterium was detected. 
18

O
2-

 was 

observed in the precipitates. Formation of carbonic acid is the initial step in zinc 

carbonation[13,14,51]: 

CO2 + H2O ⇌ H2CO3 ⇌ H
+
 + HCO3

- ⇌ H
+
 + CO3

2-
 (1) 

The presence of carbonic acid triggers zinc dissolution that finally leads to the formation of 

various zinc carbonate species in conjunction with dissolved zinc and carbonate and hydroxyl 

groups[14,52–54]: 

Zn
2+

 + CO3
2-

 ⇌ ZnCO3    (2) 

5Zn
2+

 + 6OH
-
 + 2CO3

2-
 ⇌ Zn5(OH)6(CO3)2  (3) 
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The occurrence of 
18

O in the formed precipitates confirms carry-over of 
18

O species from the 

water droplet to carbonic acid and ultimately to zinc carbonate precipitates (Fig. 4).  

3.2.3. Carbonation in the presence of D2O 

Utilization of deuterium-labeled water in the zinc carbonation enabled detection of hydroxyl 

groups within the formed corrosion products. In parallel to previous exposures, adventitious O
-
 

and OH
-
 ions were widely observed, rendering their use in reaction route determination useless 

(Fig. 5). Importantly, D
+
 and OD

-
 ions showed selective occurrence in the nanowires and were 

not at all present in the background or the cubic structures. Firstly, this confirms that adsorption 

of water did not take place during the experiment (adsorbed deuterium-labeled water would be 

found all over the sample surface). The reactions were continued until the water droplet was 

depleted, and the introduced water was structurally bonded to the structure. Secondly, the result 

confirms that the cubic structures did not contain any structural water, but, on the contrary, the 

nanowires were rich in hydroxyl groups, implying zinc hydroxy carbonate-type precipitates. The 

obtained lateral resolution (0.6 µm, calculated using the width from 16% to 84% in the line 

scan[55]) is in line with what has previously obtained for mineral samples with organic 

phases[43] (Fig. 6). 

3.3. Molecular spectroscopy of the precipitates 

Composition of zinc carbonate precipitates similar to the ones presented in this study has been 

previously characterized in the literature. Due to the complexity and the similarity of the 

precipitates, the compositional data in most reports is tentative[28,48,56,57]. FTIR spectra of the 

nanowires and the cubic structures are shown in Fig. 7. According to the literature[20,58], the 

bands at 1380 and 1520 cm
-1

 (nanowires) and the band at 1390 cm
-1

 (cubic structures) arise from 

the v3 symmetric stretching mode of CO3
2-

. The v2 bending modes of CO3
2-

 are present at 835 

and 860 cm
-1 

(nanowires and cubic structures, respectively)[4,59]. In the nanowire structure, a 

broad band arising from the stretching vibration of O-H was seen at 2800-3600 cm
-1

. Hydrogen 

bonded OH groups that are not coordinately bonded to metal ions cause these stretching 

modes[50,57]. Furthermore, the absorbance of 1620 cm
-1

 is assigned to the deformation vibration 

of O-H[20,60]. Associative hydroxyl groups (exhibiting hydrogen bonding) have decreased 

vibrational energy in comparison with free hydroxyl groups, and the wavenumber shifts to lower 
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frequency[60]. The presence of OH groups in the nanowire structure, in addition to splitting of 

the v3 stretching mode, indicates a hydrozincite-type compound with alternating Zn(OH)2 and 

ZnCO3 layers, which supports the findings of earlier studies[28,56,61].  A general structure for 

zinc hydroxy carbonate has been presented as two layers of ZnCO3 fitting between three layers 

of Zn(OH)2[62]. The structure is linking through two hydroxyl bridges between zinc bound by 

bidentate of carbonate[60]. Therefore, the coordination number of zinc is four[50]. Water can 

also be stored between the layers, linked to the complex by hydrogen bonding, the water 

molecules being located parallel to the carbonate groups that hold the complex zinc-containing 

sheets together[50,60,62,63]. The OH:CO3 ratio may be variable, resulting in CO3-deficient, 

stacking-disordered phases[50]. The results in our earlier studies, obtained with X-ray diffraction 

(XRD), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS)[32,34], support these 

findings. 

4. Conclusions 

Zinc carbonate nanostructures were precipitated on zinc foils by humid carbonation using stable 

isotope-marked waters (D2O and H2
18

O) as tracers. The nanostructures grew in hexagonal or 

cubic forms from singular initiation points until the source of water was depleted. The 

distribution of the isotopes was successfully mapped by ToF-SIMS, which enabled assessment of 

reaction routes in the nanostructure synthesis. Growth of nanostructures was not observed in the 

absence of water. Presence of 
18

O
2-

-ions in the zinc precipitates confirmed the proposed reaction 

route: 
18

O
2-

-ions were carried over from the 
18

O-water droplet to carbonic acid (CO2 + H2O ⇌ 

H2CO3) and finally to zinc carbonate precipitate (Zn
2+

 + CO3
2-

 ⇌ ZnCO3). Further, the use of 

D2O revealed that the cubic structures were anhydrous, while the nanowires contained hydroxyl 

groups. Molecular spectroscopy confirmed the presence of structural hydroxyl groups. Use of 

isotope-marked water in exposures, combined with ToF-SIMS mapping, is a powerful tool to 

establish reaction routes and clarify compositions in carbonation of metals and minerals. 
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Figure Captions 

 

Fig. 1. SEM images and EDS element maps of humid carbonation products on a zinc surface. 

Fig. 2. Close-up SEM images of nanowires (a) and cubic structures (b). 

Figure 3. Ion distributions of a zinc foil exposed to scCO2 in the absence of water. 

Figure 4. Ion distributions on ScCO2 treated zinc foil after carbonation in the presence of 
18

O-

water.  

Figure 5. Ion distributions on ScCO2 treated zinc foil after carbonation in the presence of D2O. 

Figure 6. Determination of instrument resolution from an individual nanowire (marked with an 

arrow). The ToF-SIMS element maps is an overlay map of OD
-
 and total ion signals.  

Figure 7. FTIR spectra of the precipitates formed in humid carbonation of zinc. 

 
 


