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Abstract

Laboratory and synchrotron-based X-ray Photoelectron Spectroscopy (XPS) were used to
study the element distribution and chemistry of a specially prepared daguerreotype plate. The
goal of this work was to achieve a greater understanding of how the chemistry of the
daguerreian plate changes from surface to subsurface. A silver-gold alloy was expected to vary
between highlight and shadow regions. Depth analysis showed that residual halogens and
mercury were present on the surface as well as the formation of a silver-gold alloy that varied
with depth. Valence band examination indicates minimal alloying between silver, gold, and
mercury.
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Introduction

In 1839, Louis-Jacques-Mandé Daguerre presented his invention, the daguerreotype, to
the members of the French Académie des Sciences [1]. Daguerre’s original methodology
involved 1) light-sensitizing a highly polished silver surface with an iodide vapour, 2) exposing
the plate to light, which induced the photolysis of the silver halide to produce latent image
silver particles, 3) developing the plate with mercury vapour, and 4) the removal of excess
silver halides with a thiosulfate wash. Later modifications included other halide vapours to
increase photosensitivity and gilding with a gold-chloride-thiosulfate solution to improve image
contrast [1, 2].

There are many components to the chemical process by which daguerreotype images are
produced, many of which have yet to be resolved. Regions that were subjected to bright
exposure (i.e., highlight regions) showed image particles of relatively uniform structure and
density. Portions of the plate that received little to no exposure (i.e. shadow and dark regions)
exhibited image particles with variable size, shape and surface density [3]. The density and size
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distribution produce a wide variety of gray tones that typify daguerreotypes [4]. While the
gilding process provides an even exposure of gold across the entire plate [5], research has
shown enhanced gold signal in regions of high image particle density while shadow regions
have been observed to contain lower amounts of gold [6, 7], a result of the differing diffusion
constants of gold and silver [8]. This simultaneous diffusion of gold into silver and silver into
gold produces a silver-gold alloy that varies with depth [6]. The goal of this research is to better
understand the physical consequences of this alloy formation, as it is important for the
conservation, preservation, storage, and display of these artifacts.

The research undertaken here used synchrotron base high-energy and laboratory-based
X-ray photoelectron spectroscopy (HE-XPS and XPS, respectively) in an effort to examine the
silver-gold alloy on the surface and the near surface regions beyond 10 nm. The surface
sensitivity of lab XPS is well suited to the study of the daguerreotype surface as the detected
photoelectrons provide quantitative chemical information and the oxidation states of the
elements under study. HE-XPS with high-energy X-rays probe an order of magnitude deeper
under the surface, not achievable by lab XPS without destructive ion sputtering. Chemical
distribution and speciation with depth was also examined. HE-XPS generates depth information
by increasing the energy of the X-ray, which in turn increases the kinetic energy of the
photoelectrons hence their escape depth; at a fixed X-ray energy, laboratory-based XPS can
provide depth information by surface ablation using ion sputtering techniques. Scanning
electron microscopy (SEM) provided microstructure information of select areas.

Materials and Methods

The reference daguerreotype (5 1cm) used in this work (Fig 1) was prepared at Century
Darkroom, Toronto (Daguerreotypist, Mike Robinson) using the process described by
Humphrey [5] and was used as received. This single plate was analyzed by both the laboratory-
and high energy synchrotron-sourced X-rays, labelled XPS and HE-XPS, respectively. Areas
for analysis were selected to represent various tones of the image and hence expected to display
different surface characteristics.

Fig 1. Regions studies on the daguerreotype plate: (A) laboratory-based X-ray photoelectron spectroscopy (L1 - bright,
L2 - medium, L3 - dark) and (B) synchrotron-based X-ray photoelectron spectroscopy (S1 - bright medium, S2 - dark,

S3 - bright, and S4 -medium). Image taken with a single reflex camera

The laboratory XPS analysis was carried out at Surface Science Western, University of
Western Ontario, using a Kratos AXIS Ultra XPS and a monochromatic Al Kα X-ray
(1486.7eV, 15mA, 14kV, 210W) with a peak resolution of 0.47eV (Ag 3d5/2). Instrument base
pressure was 1.5 - 2×10-9 torr. Fine spectra, including Auger emissions, were collected from all
areas.  Survey scan and high resolution spectra were acquired from 400 x 400 micron spots
using 160eV and 20eV pass energies, respectively. CasaXPS version (2.3.14), XPSPeak, and
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Vision 2 Processing Software was used for data processing [9]. Depth profiles were collected
using ion ablation to remove sequential surface layers at each region over a period of 41
minutes for L1 and 35 minutes for L2 and L3.  A 4kV (15mA) Ar+ ion beam rastered over an
area of 3×3 mm was used for the depth profiling. The sputter rate was estimated to be
1.8nm/min based on an Al2O3/Al standard. Due to the varying density of between the Al2O3/Al
standard and the Ag daguerreian plate, the presented depth profiles for Ag represent an upper
bound depth reached as the calculation is based on a relatively less dense, and lighter metal.

The SXRMB (06B1-1) beamline at the Canadian Light Source (CLS) was used for the
HE-XPS experiments [10]. Two different excitation energies were used to examine two
different depths of the daguerreotype: 3.0keV and 8.0keV; these energies lead to a probing
depth of Au 4f of ~10 to ~ 20nm, respectively, based on the density of pure Ag, which is the
primary material in the plate. The beam was monochromatized by a Si(111) crystal
monochromator. The size of the beam on the sample was 4×1mm in both measurements. A base
vacuum of 3.2×10-10 torr was maintained. A step size of 400meV was used for survey scans and
a step size of 40meV for fine scans. The valence band was collected with a step size of
100meV. The overall energy resolution is ~ 0.6eV at 3000eV and ~ 0.9eV at 8000eV. The
IGOR software package (version 6.11) was used to process the collected HE-XPS data [11].

The scanning electron microscopy (SEM) images of the studied regions on the
daguerreotype test plate were obtained using the LEO (Zeiss) 1540XB FIB/SEM instrument at
the Western Nanofabrication facility. Topographic imaging was performed at 1kV with a
working distance (WD) of 4mm and backscatter imaging at 10kV and 9mm.

Results and Discussion

XPS depth profile results
For sample L1, in (Fig 2) suggests that the adventitious carbon signal falls rapidly to a

low value around 1.8nm, after which it rises to a somewhat higher value around 3.6nm.
Subsequently, the carbon signals then falls to near zero at a depth of 16nm. The rise around
3.6nm corresponds to a small drop in the silver observed in this location. The result may be
consistent with the presence of residual carbon black powder from the polishing step during the
test plate’s production.

Fig 2. (A) XPS spectra of L1 -bright to a depth of 45nm and (B) rescaled to a depth of 20nm to highlight the near-
surface oscillations of the elements of interest
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After the removal of carbon on the sample surface, apparent maxima appear for Ag
(3d5/2,3/2), Au (4f5/2,7/2), Hg (4f5/2,7/2), Cl (2p3/2,1/2) and I (3d5/2,3/2) before the surface is
sufficiently cleaned that the Ag substrate yield approaches 100%. Representative depth spectra
for area L1 is shown in Fig 2 (L2 and L3 not shown). The maximum atomic percentages and
associated depths for each element of interest are presented in table 1.

Table 1. Maximum atomic percent and the associated depth for each element of interest at three regions studied

Element
Area L1 - bright Area L2 - medium Area L3 - dark

Max. Atomic
(%)

Depth
(nm)

Max. Atomic
(%)

Depth
(nm)

Max. Atomic
(%)

Depth
(nm)

Silver (Ag) 100 45 100 41 100 34
Gold (Au) 19.0 8 17.5 7 16.3 11
Mercury (Hg) 0.9 < 2 0.3 < 2 0.1 < 2
Chlorine (Cl) -- -- 0.7 < 2 1.0 < 2
Iodine (I) 0.4 < 2 0.4 < 2 0.5 < 2

While there are distinct maxima in each of the Au depth profiles, the Au appears to
persist to a depth of at least 45 nm. The simultaneous rise of the Ag and Au signal is consistent
with the formation of an Au-Ag alloy, which remains relatively uniform within the first 12 nm.
Mercury appears to be confined to the immediate surface and to be more abundant in the
highlighted areas (L1) as seen in Fig 3, corresponding to the increased density of Ag-Hg image
particles in these regions. Depth profiles for each element can be seen in Fig 3.

Fig 3. Depth scans for Ag, Au, Hg, I, Cl, O, and S at all regions studied (L1 - bright, L2 - medium, L3 - dark)

Oxygen, Hg, Cl, and I were present within the first 2 nm and were not detected after 30
minutes of etch time. Surface iodine is detected in all areas at low concentration and is possibly
the result of incomplete removal of the original AgI. Chlorine was detected in area L2
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(medium) and L3 (dark) but not in L1 (bright). Although this may be the result of incomplete
removal as with iodine, AgCl may also be partly removed via photolysis.

The presence of S at the surface could be the remnants of the fixing thiosulfate solution
or an environmental contaminant. Although the origin of Si is unclear, it may be due to the
polishing process; the presented sample was polished with 3M abrasive papers and Nuvite
polishing paste, or a thin silicone contaminant layer.

In (Fig 4), fine scans of Hg are shown above their respective SEM images. The observed
Hg binding energies (BE) for regions L1-3 are shown in Table 2. The least amount of Hg was
observed in area L3 and can be attributed to the lack of image particles, and consequently
diminished surface area, in this region. Conversely, the greatest amount of Hg was observed in
region L1, correlating to the highest density of image particles in this area. As L3 lies on the
edge of the plate, a lower halogen and Hg concentration is expected; Ag and Au will be the
primary elements present.

Fig 4. Hg fine scan on the daguerreotype test plate from the laboratory-based XPS source from (A) area L1 - bright, (B)
area L2 - medium, and (C) area L3 - dark; SEM images shown below each spectrum with the area of interest shown

with a red rectangle

Table 2. Binding energies for Hg 4f7/2 and 4f5/2 alongside proposed Hg sources

Area 4f7/2 Peak Location
(eV)

4f5/2 Peak Location
(eV) Proposed Source(s)

L1 - bright 100.6 104.7 HgO

L2 - medium 100.2 104.3 Hg-Ag alloy

L3 - dark 100.2
100.9

104.3
100.5

~55% Ag-Hg alloy
~ 45% HgO

The most probable explanation for the excitation at 100.6eV is a Hg-Ag interaction with
the possibility of HgO on the surface [12, 13]; this is supported by the noticeable broadening of
the 4f7/2 peak. The fact that Hg(0) is not explicitly observed as a dominant peak is due to the
presence of surface oxide, it supports the greatest density of oxide covered Ag-Hg image
particles found in this region [14]. While their structural phase(s) is still unclear, Ag-Hg image
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particles have been previously reported by Barger [3], Swan [15], and Ravines [2]. The
formation of HgO may have occurred during the exposure of the plate to Hg vapour in the
development step. From the depth profiles in Fig 3, O is present in regions L1-3. During the
developing process, regions that were not exposed to light (i.e., midtone and shadow regions)
still possess a halide layer over the Ag substrate, thus limiting and preventing the interaction the
positively charged Hg droplets have with the Ag surface [16]. However, some interaction
between Hg and Cl can be expected due to the number of lattice defects in the mixed Ag-halide
layer [2]; for this reason, HgCl formation is possible in the shadow region, L3 [17]. As HgCl
forms a white precipitate, this may be a contributing source, along with AgCl, to the white haze
that is known to reduce visibility of the daguerreian image [18].

The fine scan spectra for Ag and Au (not shown) are similar to those reported by K.S.
Kim and N. Winograd [19] and L. Bzowski et al. [20] and are consistent with the formation of
an alloy in the near surface. This, along with the persistence of Au in the depth profiles (Fig 3)
suggests that Au is present in an Au-Ag alloy and that the composition of the alloy remains
uniform in the near surface volume. The laboratory-based Valence Band (VB) spectra were
recorded from regions L1 and L2 only confirms this notion (not shown).

HE-XPS results
The HE-XPS survey spectra (Fig 5) were collected at 3.0keV and 8.0keV. Based on the

density of pure Ag, the estimated analysis escape depth is 10nm and 20nm for 3.0keV and
8.0keV, respectively [21]. Characteristic core level peaks for metallic Ag (3d), Au (4f), and Hg
(4f) were observed. It should be noted that the absorption cross-section and the photoionization
cross-section drops by one order of magnitude going from 3keV to 8keV, fortunately the drop is
comparable in both case so that we can make semi-quantitative comparison [22]. Comparison of
the spectrum at 3.0keV to that at 8.0keV allows the surface and bulk element distribution to be
distinguished non-destructively. The data clearly reveals the presence of Hg near the surface
(inset of Fig. 5), in good accord with the depth profile results. A comparison of a bright region
(S1) and a dark region (S2) with HE-XPS at 3.0keV reveals the presence of I, Cl, Au, S, Hg,
and O along with the dominant Ag signal (Fig 6. 6).

Fig 5. Comparison of two different incident energies at region S2 - dark: 3,000eV (surface) and 8,000eV (bulk)

A variation in the Au-Ag ratio (Table 3) indicates an increase in an Au concentration
with depth; this is in part contributed by the increasing kinetic energy of the Au 4f electrons and
the penetration depth of the photon through a homogeneous region of Au-Ag alloys. Table 3
shows that Au increases with depth. These results correspond to the Au depth profiles in Fig 3
as Au plateaus before reaching its max at 486, 378 and 540nm for regions L1-3, respectively.
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Comparing the Au 4f7/2/Ag 3d5/2 ratio within the highlight and the midtone region at all three
energies, an increase of ~47% and ~60% in the Au/Ag ratio for the highlight and midtone
region, respectively, is observed with increasing depth. This slightly smaller degree of Au
presence in the highlight region may suggest that the small particles constrain the diffusion
process.

Fig 6. HE-XPS spectra comparing regions S1 (bright) and S2 (dark) of the daguerreotype test plate

Table 3. Ratio of Au 4f7/2/Ag 3d5/2 within a highlight region (S3) and a mid-tone region (S4) at all three energies:
1.4keV (shallow depth), 3keV (medium depth), and 8keV (deep depth)

Lab XPS (1.4keV) HE-XPS (3keV) HE-XPS (8keV)
S3 - Bright 0.116 0.166 0.248

S4 - Medium 0.134 0.156 0.226

Fine spectra of Ag, Au, and the VB from the HE-XPS (3.0keV) to the lab XPS source
(1.4867keV) were compared (not shown); the Ag and Au fine scans do not reveal any variations
in binding energy noticeably away from metallic character.

The VB from the HE-XPS (Fig 7) shows Hg peaks at 8.2±0.2eV and 10.91±0.1eV, a
spin-orbit doublet of the 5d3/2 and 5d5/2 orbitals, respectively [23]. The intensity of this feature is
greatest in area S3 (bright) and weakest in S2 (dark) on the test plate. These doublet intensities
correspond to a relative decrease and increase in the Au intensity for regions S3 (bright) and S2
(dark), respectively, consistent with formation of an Ag-Au alloy. The valence band shows that
the Hg 5d band exhibits little hybridization with either Au or Ag, contradicting the
understanding that the image particle is comprised of an Ag-Hg amalgam [15].

The VB is sensitive to the alloying of Ag-Au, which varies with depth in this sample.
The Ag-Au alloy is confirmed by the apparent spin-orbit splitting:

2
5

2
dsoobs  ,

observed in the VB (Fig 7) [24]. The literature suggests that the d-band narrows as well as the
apparent spin orbit splitting, going from pure Au to dilute Ag-Au can be observed in XPS [20].
The Au 5d bandwidth (Δ5d) is very sensitive to the number of surrounding Au neighbor atoms
and this band term decreases with the number of nearest neighbours [24].

Using the band term calculation method from B.L. Henke et al. [21], the band term was
calculated for regions S1 – S4 as 1.842eV, 1.837eV, 1.842eV, and 1.952eV, respectively. Pure
Au metal has an apparent 5d splitting of 2.72eV that reduces upon dilution into the Ag-Au form
and, in some instances, can approach Au’s atomic value of 1.52eV [20]. As the number of
peripheral Au atoms decreases, the Δ5d value decreases. Therefore, as S4 [medium] has the
highest Δ5d parameter the greatest amount of Au-Au interaction occurs in this region, indicating
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a slightly Au-rich alloy compared to other regions. Correspondingly, the other regions have a
smallest Δ5d parameter but comparable among themselves, indicating uniformity.

Fig 7. Valence band binding energies collected from daguerreotype test plate from HE-XPS: collected at an energy of
3,000eV for regions S1 - bright medium, S2 - dark, S3 - bright, and S4 - medium. The band width and apparent 5d spin-
orbit splitting is shown

A simultaneous BE shift is observed in the peaks for both Au 4f and Ag 3d: a positive
BE shift for Au with a negative BE shift for Ag. This further corroborates the alloying between
Ag and Au. The intensity reduction of the S4 (medium) Au 4f peak indicates an increased
degree of diffusion of Au into the Ag substrate, an expected characteristic of this particle bare
region [20]: Ag-Au alloy forms in the bulk of the material. Similar characteristics of Ag-Au
alloying are observed in the Ag 3d feature; the decrease of Ag 3d peak intensity of S4 (medium)
relative to S3 (bright) is indicative of Au and Ag intermixing.

It should be noted that laboratory-based XPS ion ablation methods should only be used
with caution on historic plates as it leads to visible surface alteration. However, no visible
alteration was observed on the test plate resulting from of the HE-XPS. It merely takes
advantage of the kinetic energy dependence of the escape depth of the electrons to sample
different depths of interest. Localized heating from the X-ray beam and radiation damage would
also induce chemical alteration, although no visible change was observed from this effect in this
study. Therefore, HE-XPS is a viable method for the analysis of historic daguerreotypes; beam
current and time under beam should be selected with care especially for non-metallic surfaces.

Conclusions

The use of both laboratory-based and HE-XPS sources enable the examination of
varying depths within the daguerreian test plates. Both sources showed Hg to be present only
within the first 1-2nm of the surface and to undergo possible alloying with Ag. This suggests
that the Ag-Hg alloy is not as substantial as previously reported. Laboratory-based XPS also
shows the possibility of HgCl in the shadow regions of the plate and may be the source for the
white haze that previously has been attributed to AgCl; this may be the result of incomplete
halide removal during the thiosulfate wash or from the gilding solution. Depth profiles from
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XPS provided evidence of the formation of Au-Ag alloys. This was confirmed by HE-XPS Au
4f7/2/Ag 3d5/2 ratios at 3.0 and 8.0keV. The element distribution does not appear to have an
effect more than the particle size and distribution. This work suggests the persistence of halides
on the daguerreian surface and may impact their longevity and the conservation practices used
in their preservation.
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