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The  activity  and  stability  of  catalysts  used  in anodes  and  cathodes  in fuel  cells  and  electrolyzers  is a  vital
factor  for  practical  industrial  applications.  To  improve  performance  characteristics,  it is essential  to link
the structure  and  composition  of  the catalyst  on  the  electrodes  to electrochemical  performance  and  dura-
bility. The  investigation  of  the  durability  of  materials  for application  in  fuel cells and  electrolyzers  is  a
particularly  important  task.  Application  of x-ray  photoelectron  spectroscopy  (XPS)  to  probing  the chem-
istry  of  catalyst  layers  and  their  degradation  is becoming  a central  analytical  approach  due  to  quantitative
chemical  information  it provides.  Herein  we present  several  cases  of application  of high-resolution  XPS
uel cells
lectrolyzers
urability
lectrocatalysts
atalyst layers

for analysis  of  the  chemistry  of  electrodes  and  changes  that  are  occurring  during  operation  in several
technological  platforms,  such  as proton-exchange  membrane  fuel  cells  (PEMFCs),  alkaline  membrane
fuel  cells  (AEMFC),  direct  methanol  fuel  cells  (DMFC),  direct hydrazine  fuel  cells  (DHFC)  and  water  elec-
trolyzers  (WE).  Challenges  of  analyzing  surface  chemistry  of  electrodes  and  approaches  to  address  them
are discussed.

© 2017  Elsevier  B.V.  All  rights  reserved.
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. Introduction

Fuel cells are one of the fastest growing alternative energy
ources as they are the most promising technologies for market
enetration in automotive applications and different consumer
reas [1]. In fuel cells, the chemical energy of the fuel, is being con-
erted to electrical current. Fuel cells consist of an anode, a cathode,
nd an electrolyte that allows either positively charged hydrogen
ons or negatively charged hydroxyls to move between the two
ides of the fuel cell. There are many types of fuel cells, and they
re mainly classified by the kind of electrolyte they employ and
he type of fuel they use. Electrolyzers are a promising technology
or hydrogen production by splitting the water into hydrogen and
xygen. Like fuel cells, electrolyzers consist of an anode and a cath-
de separated by an electrolyte. Electrolyzers function in different
ays due to the different type of electrolyte material involved. This

eview presents several examples of the application of surface anal-
sis to several types of low-temperature fuel cells including proton
xchange and anion exchange membrane based cells, which utilize
ydrogen, alcohol, and hydrazine as fuel, and electrolyzers.

In PEMFCs (Fig. 1a), hydrogen is being oxidized on the anode.
rotons pass through a proton-conducting membrane made of per-
uorosulphonic acid polymer to the cathode, at which protons,
lectrons, and oxygen are reacting to produce water.

In AEMFCs (Fig. 1b), KOH is used as a liquid electrolyte having
ery high conductivity. On the cathode, oxygen reacts with water to
roduce hydroxyl ions which move from cathode to anode through

 hydroxyl-conducting membrane. Hydrogen is being oxidized on
he anode to produce water and electrons.

Alcohols, such as ethanol and methanol, are energy-dense yet
easonably stable liquids at all environmental conditions, that are

uch easier to transport than hydrogen. Direct Alcohol Fuel Cells,
uch as direct methanol fuel cells (DMFCs) are types of the proton-
xchange fuel cell (Fig. 1a) in which methanol is used as the fuel
nstead of hydrogen. DMFCs offer several advantages, such as low
ost of fuel, ease of handling, transport, and storage.2 In DMFCs,
ethanol is being oxidized on the anode producing protons, elec-

rons, and CO2. Protons move from anode to cathode through the
ame type of solid electrolyte as in hydrogen PEMFCs. Reduction
f oxygen is occurring on the cathode side. Methanol crossover,

n which methanol diffuses without reacting through a membrane
nd reaching cathode is a major factor in DMFC’s inefficiency.

Another subtype of liquid fuel-based fuel cells is based on
ydrazine as a fuel. Recently Daihatsu Motor has developed a
ethod for safe storage of hydrazine in fuel tanks as a solid hydra-

one form (> CN–NH2) [2]. These fuel cells can operate both in
lkaline and acid media. A breakthrough has been made with
he utilization of anion exchange membranes in AFCs utilizing
ydrazine as fuel. This approach is a modification of AEMFCs
Fig. 1b) in which the cathode catalyst reduces oxygen, produc-
Please cite this article in press as: K. Artyushkova, et al., Application of
cells and electrolyzers, J. Electron Spectrosc. Relat. Phenom. (2017), ht

ng hydroxyl ion which penetrates through the membrane to the
node. The anode catalyst oxidizes hydrazine in liquid KOH elec-
rolyte producing water and nitrogen.
 . . . .  . .  .  .  . . .  . .  .  . . . . . . .  . . . . .  . . .  . .  . . . . . .  . .  .  . . .  .  .  . .  . . .  .  .  .  . .  .  .  .  .  . . . .  . . . . .  .  . .  .  .  .  . .  00

Another alternative energy market focused technology is hydro-
gen production from electrolysis of water [3,4]. The overall process
is composed of hydrogen evolution reaction (HER) at the cath-
ode and oxygen evolution reaction on the anode (OER) which can
be implemented both in alkaline and proton-conducting modes
(Fig. 1c and d) [5]. The primary constraint on the efficiency of
electrolysis is the slow oxygen evolution reaction which is thermo-
dynamically unfavorable. The enormous effort, therefore, is being
devoted to developing more efficient OER catalysts as well as
removal or decrease of precious metal content in the catalyst.

For testing the performance and stability of electrodes in the
above discussed technological platforms, the membrane elec-
trode assembly (MEA) is the key internal component. The MEA
is composed of a membrane, anode and cathode catalyst lay-
ers (CL), and gas diffusion layers (GDL). The membrane can be
hydroxyl-conducting (AEM) or proton-conducting (PEM) mem-
brane depending if the chemistry of the technology is alkaline or
acid, respectively. In one approach of making the electrodes, the
catalyst layer is deposited on the gas diffusion layer, forming a gas
diffusion electrode (GDE). The electrodes are then assembled with
membrane into a 5-layer MEA. In another method, called a catalyst
coated membrane (CCM), the catalyst layer is directly coated onto
the membrane which is then assembled with GDLs on both sides
of anode and cathode. The GDL usually has a carbon microporous
layer (MPL) to minimize the contact resistance between GDL  and
catalyst layer.

The catalyst layer shown in Fig. 1e) consists of the catalyst
material itself and ionomer which provides ionic conductivity. The
chemistry of the catalyst layer has the most significant impact on
overall fuel cell performance, and reactant and product balance.
The stability of catalysts used in anodes and cathodes discussed in
either fuel cells or electrolyzers is of vital importance for practi-
cal industrial applications [6]. In most cases, catalyst structure and
composition change over time during reactions on electrodes. It is
critical, therefore to relate the failure mechanism and losses in per-
formance to changes in the structure or composition of the catalyst
on the electrode.

The U.S. DOE has established durability-test protocols for FC’s,
which includes tests for electrocatalysts, electrocatalyst supports,
chemical and mechanical tests of membranes [7]. Investigation
of the durability of materials for application in FCs is a complex
task [8]. Electrochemical testing is the primary way of studying
the durability of electrodes during fuel cell testing. Electrochemi-
cal impedance spectroscopy (EIS) is well known to be a very useful
tool towards assessing overall performance levels of an operating
fuel cell and was  adopted to investigate the degradation of the cat-
alyst layer of an operating fuel cell [9]. Neutron imaging of water
inside the fuel cell [10,11], in-situ tomography [12,13], and use of
segmented cells [14,15] are among recently developed approaches
[16]. The chemical composition of the catalyst layer and changes
 X-ray photoelectron spectroscopy to studies of electrodes in fuel
tps://doi.org/10.1016/j.elspec.2017.12.006

that occur during fuel cell operation are the subjects of study by
spectroscopic analytical methods. The application of spectroscopy
for these purposes is limited. Mass spectrometry has been used
to monitor fuel cell exhaust [17]. Raman spectroscopy, including

https://doi.org/10.1016/j.elspec.2017.12.006
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ig. 1. Membrane electrode assembly for a) PEMFC, b) AEMFC, c) PEM electrolyze
onomer, is subject to surface analysis.

perando studies, was used to examine effects of degradation of
uel cell membranes [18,19]. Combination of XPS and synchrotron-
ased scanning transmission X-ray spectromicroscopy (STXM) was
tilized to study cathode catalyst layers [20]. In situ/operando X-ray
pectroscopic techniques such as ambient pressure X-ray photo-
lectron spectroscopy (APXPS) and X-ray adsorption spectroscopy
sXAS) are getting more and more attention [21].

Application of XPS to study catalyst layers and their degrada-
ion is becoming a routine analytical approach due to its chemical
pecificity, rich qualitative and quantitative information and acces-
ibility [22–51]. In this review of recent work performed in our
aboratory, we present application of high-resolution XPS for study
f chemistry of electrodes and changes that are occurring dur-

ng operation in several technological platforms, i.e. 1) anode for
ydrogen oxidation reaction in AEM fuel cell, 2) cathode for oxygen
eduction reaction in PEM fuel cell, 3) anode for methanol oxidation
n direct alcohol fuel cell, 4) anode for hydrazine oxidation in direct
ydrazine fuel cell and 5) anodes for oxygen evolution reaction in
lectrolyzer.

Current state-of-the-art fuel cells and electrolyzer systems rely
n precious metal-based catalysts that make up a significant cost of
he device. Replacing precious metals such as Pt and Ir by alterna-
ive platinum-group free (PGM-free) metals has been a worldwide
nitiative [52]. All materials used for cathodes and anode presented
n this report are a part of our initiative in utilizing PGM-free mate-
ials.

. Application example 1. Anode for hydrogen oxidation
Please cite this article in press as: K. Artyushkova, et al., Application of
cells and electrolyzers, J. Electron Spectrosc. Relat. Phenom. (2017), ht

eaction in AEM fuel cell

Development of fuel cells based on using anion exchange
embranes (AEMs) has drawn lots of interest in recent
EM electrolyzer. e) catalyst electrode layer, where the catalyst is mixed with an

[28,36,39,40,49,53]. This technology allows a substantial decrease
of the device cost by replacing expensive platinum catalysts on
both cathode and anode by platinum group metal-free (PGM-
free) catalysts. Over the last decade, several types of promising
PGM-free catalysts have been developed for the AEMFC cathodes
[36,38,40,41]. One of the systems that showed significant progress
as an active material for hydrogen oxidation reaction (HOR) in alka-
line media is Ni-based bimetallic systems with the second element
being M = Mo,  W,  Cr, Cu, Zn, Sn, In or P and Se [54–56]. The role of
metal on the electronic structure of the material, type of phases
formed, shape and size of the particles all will affect the kinetics of
hydrogen oxidation reaction.

We have recently reported the synthesis of NiMo catalysts sup-
ported on high surface area carbon as a highly active material for the
HOR in alkaline media (anode catalyst in Fig. 1 b) [57]. The durabil-
ity of the MEA  fabricated with NiMo/KB anode catalyst was  studied,
and XPS was  used to study changes in chemical composition of the
electrodes after the test.

2.1. Experimental details

NiMo/KB catalyst was synthesized by thermal reduction of
nickel and molybdenum precursors on the surface of Ketjen black
(KB). The MEA  cell was  tested under the following conditions:
H2/O2, Tcell = 70 ◦C, at a potential hold of 0.7 V to a maximum value
of 55 mA/cm2. Such an MEA  activation procedure was  performed
for ∼30 h. The cell was then held at constant voltage for 100 h.
XPS was  used to analyze the composition of a fresh MEA, and MEA
 X-ray photoelectron spectroscopy to studies of electrodes in fuel
tps://doi.org/10.1016/j.elspec.2017.12.006

after a test. XPS spectra were acquired on a Kratos Axis Ultra DLD
X-ray photoelectron spectrometer using a monochromatic Al K�
source operating at 150 W.  All powders and catalyst layers were
conductive and mounted using conductive double-sided tape. No

https://doi.org/10.1016/j.elspec.2017.12.006
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se of charge neutralization was necessary, resulting in unam-
iguous peak positions of spectra for accurate peak identifications.
hree areas for each sample were analyzed. High-resolution spec-
ra were acquired at pass energies of 80 eV and 20 eV, respectively.
ata analysis and quantification were performed using CasaXPS

oftware. Sensitivity factors provided by the manufacturer were
tilized. A 70% Gaussian/30% Lorentzian line shape was utilized in
he curve-fit of spectra.

High-resolution Ni 2p, Mo  3d, O 1s and C 1s spectra were
cquired. Ni 2p spectra were fitted using a combination of line
hapes for Ni metal, NiO, Ni(OH)2 developed by Biesinger et al
58]. and symmetrical peaks for mixed nickel molybdenum oxide
t binding energy positions reported in the literature [59,60]. The
icroporous layer of GDL is a fluorinated carbon paper. After the

est, a membrane with catalyst layer must be separated from the
DL to expose the electrode surface for analysis. A thin layer from

he GDL can remain on the surface, contributing fluorine and carbon
o the total signal detected by XPS. Fluorine Auger peaks contribute
o the region of Ni 2p emission line. Mo  3d spectra were fit using
eference positions for metallic Mo,  various Mo  oxides and mixed
ickel molybdenum oxide NiMoOx as reported in the literature
58]. Higher oxidation state of the mixed oxide results in the contri-
ution of the NiMoOx peak into higher binding energy value around
34 eV close to the Mo(VI) oxidation state of MoO3.

.2. Results

Fig. 2 shows high-resolution Ni 2p and Mo  3d spectra for the
atalyst itself, fresh electrode and electrode after the test. The sam-
ling depth of Mo  3d is 5 nm,  while that of Ni 2p is 2.5 nm.  XPS
robes the very top surface of ∼20 nm NiMo particles. Ni in the
lectrocatalyst has rich chemistry with some metallic component,
xidized form of Ni (NiO and Ni(OH)2) and nickel-molybdenum
xide NiMoOx. Molybdenum is present mainly as a mixed oxide
ith small amounts of Mo(IV), and Mo(V) detected. When elec-

rocatalyst is incorporated into catalyst layer on the electrode by
ixing it with anion-conducting ionomer and pressing into the

ssembly, some changes in chemistry are detected. The fresh elec-
rode has 0.24 at% of Ni and 0.47 at% of Mo  detected. Ni has a
maller amount of hydroxides with the more substantial relative
mount of mixed nickel molybdenum oxides exposed to the sur-
ace, while Mo  has only higher oxidation state with Mo(VI) and

ixed nickel molybdenum oxides being major types of chemistries
resent. After the hold test, the atomic ratio of Ni/Mo increased dra-
atically from being 0.5 for the fresh electrode to 16. Segregation

f Ni-rich phase to the top surface and loss of molybdenum (its
oncentration at the surface of the electrode after the hold test is
.06%) can explain the increase of Ni at the surface to the surface.

In all MEAs, the catalyst layer is in contact with the gas diffusion
ayer (GDL The Ni 2p spectrum of the tested electrode in Fig. 2e)
as broad features due to F Auger contribution. All of Ni oxide and
ydroxide disappear during the hold test with mixed nickel molyb-
enum oxide being the primary type of Ni species preserved within
he top 2.5 nm of the XPS sampling depth. The Mo  that is left after
he test is present in the mixed oxide state. The insignificant loss in
ctivity observed during hold test shows that active NiMoOx phase
s well preserved while inactive metal oxides are being removed
uring HOR.

. Application example 2. cathode for oxygen reduction
eaction in PEM fuel cell
Please cite this article in press as: K. Artyushkova, et al., Application of
cells and electrolyzers, J. Electron Spectrosc. Relat. Phenom. (2017), ht

Replacing platinum on the cathode for oxygen reduction reac-
ion (ORR) the low-temperature proton exchange membrane
PEMFC) type of fuel cell by alternative materials is driven by the
 PRESS
y and Related Phenomena xxx (2017) xxx–xxx

same considerations discussed above. Several classes of PGM-free
catalysts exist. The most promising of these for the oxygen reduc-
tion reaction is based on metal-nitrogen-carbon (M-N-C, where
M = Fe, Ni, Co, and Mn)  composites. The durability data reported
in the open literature reveals insufficient stability of this class of
materials in real fuel cell tests. Recently, a catalyst with not only
necessary activity for a commercially viable PGM-free ORR  catalyst
but also exhibiting high stability was  reported [42]. In this exam-
ple, we  have used a catalyst synthesized from iron and nitrogen
precursors as a cathode in PEMFC (Fig. 1a).

3.1. Experimental detail

The sacrificial support method (SSM) was used to synthesize this
electrocatalyst from iron and nitrogen-carbon precursors. Synthe-
sis and testing of electrodes for oxygen reduction reaction based on
Fe-N-C catalyst materials were discussed in a recent report by Serov
et al. [45]. The technology underlying the catalyst was  invented
by the University of New Mexico [42–44,61,62] and subsequently
scaled-up and modified by Pajarito Powder, LLC. For the hold test,
the load was applied potentiostatically to 0.65 V for 100 h at steady
state. XPS analyzed fresh and tested electrodes. High-resolution N
1s, C 1s and O 1s spectra were acquired using the same experimental
conditions as discussed in Section 1.

3.2. Results

Surface chemistry of MNC  electrocatalysts for ORR and cathodes
in PEMFC before and after fuel cell testing was analyzed (Fig. 3 a, c
and e). Elements detected in catalyst itself are C, O, N, and Fe with
1.7 at% nitrogen and 0.6 at% iron.

Fig. 3a shows N 1s spectrum for the catalyst itself. A multi-
tude of nitrogen types present has been discussed in the literature
before [26,63]. Pyridinic N, N coordinated to Fe, hydrogenated N
(such as pyrrolic or hydrogenated pyridine), graphitic N, cationic
N+ (quaternary and protonated nitrogen) and nitrous oxides are
present in a catalyst with hydrogenated nitrogen being the most
abundant type. When the catalyst is mixed with Nafion ionomer,
a slight change in chemistry is evident (Fig. 3c) with a higher rela-
tive amount of higher binding energy peaks. The shift to the higher
binding energy of the overall nitrogen photopeak is occurring due
to the interaction of Nafion with catalyst and due to protonation
of nitrogen moieties such as pyridinic nitrogen. After the hold test,
the chemical composition of nitrogen changes very insignificantly
(Fig. 3e). There is a slight decrease of total nitrogen detected at the
surface of the tested electrode with a smaller amount of hydro-
genated nitrogen detected. The unprecedented durability of these
materials in ORR is directly related to the stable chemistry of the
catalyst within the electrode.

4. Application example 3. Cathode for ORR and anode for
methanol oxidation in direct alcohol fuel cell

The material from the same family of M-N-Cs has also been
tested in a direct-alcohol fuel cell (DAFC). Highly active Fe-N-C cat-
alyst derived from the pyrolysis of nicarbazin (a nitrogen charge
transfer organic salt) and an iron precursor has been investigated.
One of the biggest problems that engineers deal with in DAFCs is
 X-ray photoelectron spectroscopy to studies of electrodes in fuel
tps://doi.org/10.1016/j.elspec.2017.12.006

adsorption of alcohols, that can permeate through the membrane
from anode to cathode, onto the active site of the conventionally
used PGM-based catalyst. In this study, the Fe-N-C catalyst has
demonstrated high tolerance towards both ethanol and methanol.

https://doi.org/10.1016/j.elspec.2017.12.006
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Fig. 2. High-resolution Ni 2p and Mo  3d spectra for NiMo HOR catalyst

.1. Experimental details

Cathode electrodes were prepared using the PGM-free catalyst
Fe-NCB) as described previously [64,65]. Anode electrodes, based
n PtRu black (Pt:Ru 1:1, Johnson Matthey), were prepared accord-

ng to the procedure described in a previous report [13]. Durability
ests were carried out in potentiostatic mode at 0.3 V and 90 ◦C,
eeding 3 M methanol (DMFC) to the anode and fully humidified
xygen to the cathode under the same conditions of polarization
xperiments. XPS analyzed fresh and tested anodes and cathodes.
igh-resolution Pt 4 and Ru 3d spectra were fitted using Lorentzian
symmetric shape.

.2. Results

The high-resolution N 1s spectra from the catalyst and fresh
lectrode are shown in Fig. 3 b) and d) are very similar to those
rom materials used in the ORR study discussed in example 2. After
Please cite this article in press as: K. Artyushkova, et al., Application of
cells and electrolyzers, J. Electron Spectrosc. Relat. Phenom. (2017), ht

he test (Fig. 3 f), minimal changes are observed in the distribu-
ion of nitrogen species at the surface of the electrode. A slight
ecrease in the peak due to protonated nitrogen is accompanied
y an increase in peaks due to species that serve as active sites for
d b), fresh anode (c and d) and anode after hold test for 100 h (e and f).

oxygen reduction − pyridinic nitrogen and nitrogen coordinated to
the metal. Post-test analysis of anode side of the electrode assembly
also revealed minimal changes in the chemistry of Pt and Ru with
only slight reduction of Ru as shown in Fig. 4. Due to the contribu-
tion of carbon of GDL after separation of membrane assembly, there
is an overall decrease in intensity of Pt and Ru in tested anodes, but
the overall chemistry has not changed. In the fresh anode, mainly
metallic Pt is present, and no changes in chemistry after the hold
test are observed. Ru shows stability as preserved metallic Ru and
RuO2 phases in tested anodes.

5. Application example 4. Anode for hydrazine oxidation in
direct hydrazine fuel cell

The final example of electrodes used in fuel cells shows post-test
analysis of electrodes that were used in direct hydrazine hydrate
 X-ray photoelectron spectroscopy to studies of electrodes in fuel
tps://doi.org/10.1016/j.elspec.2017.12.006

fuel cells (DHFCs). DHFCs are one of the most promising candidates
to enable complete PGM removal in anion exchange membrane
(AEM) FCs by using non-platinum group metal (non-PGM) catalysts
for both anode, and cathode [2,66].

https://doi.org/10.1016/j.elspec.2017.12.006
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Fig. 3. High-resolution N 1s spectra for fresh M-N-C catalysts a) and b); fresh anodes c) and d); anodes after hold test e) and f) tested in ORR. PEMFC Application example 2
(a,  c, e) and DMFC Application example 3 (b, d, f).

Fig. 4. High-resolution Pt 4f and Ru 3d (7/2 component) of the fresh PtRu anode (a and b) and anode after hold test (c and d) in DMFC Application example 3.

https://doi.org/10.1016/j.elspec.2017.12.006
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In this example, carbon supported Ni was used as an anode cat-
lyst and Fe-AAPyr (AAPyr: aminoantipryne) was used as a cathode
atalyst in AEMFC(configuration in Fig. 1b).

.1. Experimental details

The preparation of anodic catalyst Ni/C was done by evapo-
ation method as described in a previous report [66]. The same
eport describes the preparation of Fe-AAPyr cathode catalyst by
SM. The durability of DHFC was studied in the AEMFC configura-
ion at 60 ◦C under original test protocol conditions developed by
aihatsu. The first test involved measuring the stability of AEM in
% hydrazine hydrate for 350 h. The second test was a long-term
est for 3500 h. XPS analyzed fresh and tested anodes and cath-
des. High-resolution Ni 2p spectra were fitted based on the same

ineshapes as discussed above.

.2. Results

Table 1 shows changes in the elemental composition of cath-
de and anode and changes in chemical speciation of nitrogen and
ickel after the short and long-term hold tests. Fig. 5 shows Ni 2p
pectra for an anode and N 1s spectra for a cathode for fresh and
wo tested electrodes. Small amounts of F was detected at the sur-
ace of both fresh and tested anodes– less than 1% − resulting in
ingle peak due to F Auger contributing into Ni 2p spectral region.

The increase in oxygen is a major change in elemental com-
osition of both anode and cathode. Potassium was  detected at
he surface of both electrodes from the electrolyte. Cathode sur-
ace also showed a small presence of nickel due to migration from
he anode. At the anode, reduction of nickel during the test was
bserved with a higher relative amount of metallic Ni detected at
ore extended hold times. In comparison with changes observed

n the anode for hydrogen oxidation, the overall Ni chemistry is
ery well preserved. The stabilization of chemical changes during
ong-term operation as is evident from Fig. 6. The fresh cathode
as a significant amount of cationic nitrogen N+ such as protonated
yridine, protonated graphitic and quaternary nitrogen detected
hich are getting reduced during the first hour of the hold test and

hen the stable composition of the cathode is reached. The nitrogen
hemistry of stabilized cathode is similar to the one seen above in
he analysis of M-N-C materials for ORR and DMFC. Minor changes
re observed in the chemistry of both electrodes demonstrating the
igh stability of these PGM-free materials in DHRC operation.

. Application example 5. Anodes for oxygen evolution
eaction in the electrolyzer

Oxygen evolution reaction (OER) electrocatalysis has received
ignificant attention because of its prime role in water splitting.
raditionally, noble-metal-based materials have been utilized due
o their stability at all pH values and high operating voltages.
ridium oxide (IrO2) and ruthenium oxide (RuO2) catalysts are con-
idered the most active electrocatalysts for OER in PEM systems.
he high cost and scarcity of these elements are major obstacles
o widespread adoption in large-scale energy markets. Ni-based
xides have received significant attention for OER in AEM systems
s the membranes and ionomers mature. Mixed metal oxides, with
iAxOy type of structure (A is metal) as discussed above for HOR,
re being considered as important electrocatalysts for OER. The
ntroduction of other metals such as Mo  enhances the OER activity
Please cite this article in press as: K. Artyushkova, et al., Application of
cells and electrolyzers, J. Electron Spectrosc. Relat. Phenom. (2017), ht

f NiO by improving the electric conductivity via modifying elec-
ronic structures. The stabilization of nickel during OER is another

ajor challenge. Another group of the most promising and low-cost
aterials for electrolyzer technology is ternary metal oxides which
 PRESS
y and Related Phenomena xxx (2017) xxx–xxx 7

possess multiple oxidation states that enable multiple redox reac-
tions. Two ternary metal oxide systems have been tested in OER
and surface chemistry of electrodes after the electrochemical test
was analyzed by XPS.

6.1. Experimental details

Unsupported ternary Ni-Mo-Co catalysts were synthesized by
the modified SSM adapted from the preparation of metal alloys
[49,67,68]. The appropriate mixture of nickel and copper nitrates
was dissolved in excess of water and added to the high surface area
silica (Cab-O-Sil EH5, SA = 400m2 g−1). Ammonium molybdate was
dissolved in water and solution was  added drop-wise to a mixture
of Ni, Co nitrates, and silica under vigorous mixing. The obtained
colloidal dispersion of EH5 with precursors was  dried in an oven at
T = 85 ◦C for 8 h. The powder was  ground with mortar and pestle and
reduced in 7at% H2, T = 550 ◦C, t = 1 h. Finally, silica was  removed by
dissolution in 7 M KOH for 8 h; the resulting unsupported catalyst
material was  washed with DI water until a neutral pH was obtained
in the rinse water.

NiFeCo electrodes were synthesized by Northeastern Univer-
sity, also using the SSM method, by incorporating a strong reducing
agent in the process [28]. The metal salts were calculated as fol-
lowed: 2.39 g of Ni(NO3)2

.6H2O, 412 mg  of Fe(NO3)3
.9H2O and

300 mg  of Co(NO3)2·6H2O and dissolved with 20 mL of Mili Q
water (18.2 MOhm)  in 100 mL  of silicon oxide (400 nm)  disper-
sion solution. The silicon oxide dispersion solution was stored in a
three-neck round bottom flask (RBF) and was  sonicated overnight.
The reduction step using NaBH4 was performed by dissolving fresh
NaBH4 with 20 mL  of Mili Q water and added dropwise to the sil-
ica/metal salts mixture. Nitrogen gas was  bubbling through the
reaction mixture as well during this process plus 30 min  post-
reduction. The solution was stirred overnight, and the process for
the reduction step was repeated exactly as previously stated. After
stirring overnight the second time, the solution was  dried in vac-
uum oven at 80 ◦C for four days. The dried product was ball milled
and heat treated in air for 3 h at 550 ◦C. The heat-treated product
was etched with 7 M KOH for 48 h then washed with Mili Q water
until the pH of the filter solution was  neutralized to pH 7. Finally,
the catalyst was  dried at 80 ◦C in a vacuum oven overnight.

The catalyst powders were then used to manufacture gas diffu-
sion electrodes (GDEs) for OER by Proton OnSite. The GDE’s were
prepared by mixing the catalyst powder into an ink containing sol-
vents, ionomer (Tokuyama) or a non-functional binder (Nafion

®
).

The stirred ink was  sprayed using an airbrush onto a titanium
porous transport layer (PTL) forming a GDE targeting a catalyst
loading of 3 mg/cm2. The cathodes used for membrane electrode
assembly (MEA) testing under electrolysis conditions consisted of
a Pt catalyst containing GDE manufactured under the same condi-
tions as the anode GDE at a target loading of 3 mg/cm2 onto carbon
paper gas diffusion layer (GDL). Subsequently, an alkaline ionomer
(Tokuyama) was  airbrushed on top of the GDE. Electrolysis test-
ing was performed using a modified 25 cm2 Fuel Cell Technologies
cell, where the graphite flow field on the OER side was  replaced by a
stainless steel parallel channel plate for stability at high potentials.
The GDE’s and membranes were exchanged in 0.5 M NaOH for one
hour before testing. The cell was assembled by placing the appro-
priate GDEs on each side of an anion exchange membrane provided
by Tokyama (A201). The MEAs were tested in electrolyzer condi-
tions at Tcell = 50 ◦C with DI water feed containing 1 wt%  of K2CO3,
supplied on the anode side of the cell only. The cathode side was
 X-ray photoelectron spectroscopy to studies of electrodes in fuel
tps://doi.org/10.1016/j.elspec.2017.12.006

not pressurized, and no sweep gas was used; generated H2 gas bub-
bled directly into a fume hood exhaust. In a typical test after the
cell reached operating temperature, a polarization curve was car-
ried out followed by a steady state test at 500 mA/cm2 for 3 h to

https://doi.org/10.1016/j.elspec.2017.12.006
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Table 1
Elemental composition and relative composition of Ni for anode and N por cathode used in DHFC application example 4.

C 1s% O 1s% Ni 2p% F 1s% K 2s% Ni m% NiO% Ni(OH)2%

Anode fresh 87.5 10.1 2.3 0.2 0.0 1.7 55.9 42.4
Anode 350 h 83.5 11.2 2.6 0.7 2.0 4.9 49.6 45.5
Anode 3500 h 79.5 14.9 3.8 0.1 1.6 10.4 49.3 40.3

C  1s% O 1s% N 1s% F 1s% K 2s% Ni 2p% N imine% N pyrid% N-Me% N-H Ngr N+ NO

Cathode fresh 95.6 3.6 0.9 2.6 12.9 16.5 25.1 5.9 34.1 3.0
Cathode 350 h 71.3 18.1 1.8 0.8 7.4 0.57 0.5 12.9 30.5 25.4 22.1 6.8 1.8
Cathode 3500 h 71.9 16.7 2.2 0.8 7.7 0.62 0.0 14.0 23.4 35.2 17.2 8.3 1.9

F  catho
e mple 

a
p

6

t
p
i
a

ig. 5. High-resolution Ni 2p and N 1s spectra for fresh Ni/C anode a) and M-N-C
lectrodes after long-term hold test 2–3500 h e) and f) discussed in Application exa

ssess stability. The cell was  then disassembled, and coupons were
repared for XPS analysis.

.2. Results

Two alternative ternary oxides, NiMoCo and NiFeCo, have been
Please cite this article in press as: K. Artyushkova, et al., Application of
cells and electrolyzers, J. Electron Spectrosc. Relat. Phenom. (2017), ht

ested in electrolysis mode in an MEA  in comparison to reference
latinum group metal-based electrodes (anode in Fig. 1d) as shown

n Fig. 7. Two different ionomers were tested, one containing an
lkaline ionomer from Tokuyama (baseline and NiMoCo), while
de b); tested electrodes after short-term hold test − 350 h c) and d); and tested
4.

NiFeCo was prepared with Nafion utilized as a binder. In compar-
ison with Pt baseline, NiMoCo catalyst shows the same potential
losses for all current densities. NiFeCo, which had Nafion as a binder,
has very similar performance to baseline material at lower cur-
rent densities but potential losses increase significantly as current
density increases.
 X-ray photoelectron spectroscopy to studies of electrodes in fuel
tps://doi.org/10.1016/j.elspec.2017.12.006

XPS evaluated the surface chemistry of the NiMoCo electrode
containing electrocatalyst (Fig. 8 shows Ni 2p and Mo  3d spectra for
fresh and tested anodes). The chemistry of NiMoCo catalyst layer
in the fresh anode is very similar as in the HOR example discussed

https://doi.org/10.1016/j.elspec.2017.12.006
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Fig. 6. Changes in the composition of anode − total oxygen and the relative amount of m
nitrogen N+ b) used in DHFC.
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ig. 7. Polarization curves are taken for MEAs containing specified anode/ionomer
atalyst layers at 50 ◦C with a bicarbonate solution feed.

bove in example 1. However, changes in the chemical composition
f the electrode that are occurring during OER are different from
he changes in HOR. During oxygen evolution reaction, Ni and Mo
ndergo severe oxidation, while Co was not detected. Half of the Mo

s lost during the test, while nickel is preserved with significantly
ifferent chemistry.

A fresh NiMoCo electrode had 3at% of oxygen detected, while
fter electrolysis 33at% of oxygen is detected. Also, 1.3 at% of Ti and
.8 at% of K was detected at the surface of the tested electrode.
i comes from the porous transport layer, while K originates from
he electrolyte. Nickel undergoes fundamental changes in chemical
omposition with most of metallic Ni being oxidized to hydroxide
orm. The peak due to mixed nickel molybdenum oxide is shifted
o higher binding energy due to oxidation. This peak can also have

 contribution from nickelate of contaminants such as potassium.
he peak due to satellite has to be added in the Ni 2p spectrum due
o higher contribution of Ni hydroxides into the total signal. Oxi-
ation of mixed oxide phase is also evident from Mo  3d spectrum
Fig. 8d) which shows a significant decrease in intensity due to loss
f Mo  and shift to the higher binding energy of the molybdenum
eak that is left due to oxidation.

Another ternary NiFexCoyOz mixed catalyst was  tested in the
xperiment for OER. Fig. 9 shows high-resolution Ni 2p spectra for
lectrocatalyst, fresh anode and tested anode while Table 2 shows
lemental composition.

In fresh catalyst, Ni is a major element with Co and Fe present
t 1:1 ratio on the order of 0.3–0.4 at%. The fresh electrode had F
Please cite this article in press as: K. Artyushkova, et al., Application of
cells and electrolyzers, J. Electron Spectrosc. Relat. Phenom. (2017), ht

nd S detected which are from the non-functional binder Nafion.
 significant contribution of F Auger into Ni spectral region results

n need of using two peaks. Upon mixing of the catalyst with the
inder, the ratio of Co to Fe changes to Co being more dominant
etallic Ni a) and for cathode − total oxygen and the relative amount of protonated

on the surface of the electrode than Fe. After the OER test, strong
changes in composition are observed. Oxidation of the electrode
is manifested by much higher oxygen detected. Ti from the porous
transport layer and K from the electrolyte are detected in the tested
electrode. Importantly, 0.4 at% of Pt was  also detected due to cross-
over of cathodic catalysts to the anode during operation. This is vital
information that would not be available without surface analysis
and which should not be ignored by the designers of electrolyzer
systems.

In the tested electrodes, half the atomic% of Ni detected. The Fe
is preserved while detection of Co is impossible due to overlap with
Na 2s peak. The chemistry of nickel adds information on chemical
changes that are occurring during OER. In the fresh electrode, the
peak due to mixed alloy oxide is quite significant with Ni hydrox-
ide being a second major phase present. After the test, more than
third of hydroxide and oxide of Ni disappear with mixed alloy phase
still being the most dominant. There is also a peak due to nickelate
that is being formed. Oxidation of the electrode is not as severe for
ternary NiFexCoyOz oxide as for the binary NiMo material.

7. Discussion and perspective

The examples of applications of XPS to studies of the surface
chemistry of PGM-free electrodes in fuel cells and electrolyzers
show that XPS can provide an understanding of the surface chem-
istry in relation to performance at several levels:

7.1. The surface chemical composition of catalysts

The power of XPS is in its chemical sensitivity providing the
quantitative chemical composition of synthesized materials. We
have successfully derived speciation of Ni-based materials pre-
pared for a variety of applications as supported single phase
materials and as binary and ternary alloys with different metals. The
role of alloying metal on the chemistry of catalysts was evaluated
in relation to performance and stability in several technological
applications. In comparison with single phase Ni-material (Fig. 5
a), the addition of Mo  into the structure increased the amount of
metallic Mo  and decreased the amount of NiO significantly (Figs.
2a and 8a). Ternary NiFeCo alloy (Fig. 9), on the other hand, had
a chemistry of nickel similar to the single-phase material. Impor-
tantly, the Ni-based material was active and stable as a catalyst for
the anode in a hydrazine hydrate fuel cell, while similar in chem-
istry ternary NiFeCo material has demonstrated more significant
performance losses in oxygen evolution reaction at higher current
 X-ray photoelectron spectroscopy to studies of electrodes in fuel
tps://doi.org/10.1016/j.elspec.2017.12.006

densities than NiMoCo-based systems.
XPS has been a critically important method of studying the

chemistry of transition metal-nitrogen-carbon based composites
for oxygen reduction. The progress made in interpretation of XPS N

https://doi.org/10.1016/j.elspec.2017.12.006
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Table 2
Elemental composition for NiFexCoyOz catalyst, fresh and tested anode.

Sample C 1s O 1s Ni 2p Co 3p Fe 3p F 1s K 2p Pt 4f S 2p Si 2p Ti 2p Co/Ni Fe/Ni Co/Fe

FeCo cat 17.1 58.7 23.4 0.40 0.35 0.017 0.015 1.157
NiFeCo fresh Anode 28.4 17.9 7.5 0.29 0.08 45.2 0.62 0.039 0.011 3.487
NiFeCo anode after OER test 26.8 30.8 4.0 n/d 0.08 27.9 4.4 0.37 0.19 2.3 3.1

Fig. 8. High-resolution Ni 2p and Mo  3d spectra in fresh (a and b) and tested (c and d) NiMoCo anodes used in OER application example 5.
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Fig. 9. High-resolution Ni 2p spectrum for NiFexCoyOz catalyst (a), a fre

s spectra by using DFT calculations of core level shifts [63,69–71],
etailed structure-to-property correlation of large family of M-
-C materials [26,72] and control over synthetic methodologies
llowing synthesis of materials with different distribution of nitro-
en species [42,73,74], allows building direct link between the
hemistry of catalysts and activity of these complex heterogeneous
ulticomponent materials in oxygen reduction.

.2. The link between the chemistry of catalyst and chemistry of
lectrodes
Please cite this article in press as: K. Artyushkova, et al., Application of
cells and electrolyzers, J. Electron Spectrosc. Relat. Phenom. (2017), ht

Next important step in building a direct link between struc-
ural properties of the catalyst and performance is understanding
he transition of the chemistry of synthesized catalysts towards
he chemistry of the anodes and cathodes upon introducing the
de (b) and tested anode in OER (c) discussed in Application example 5.

ionomer and other constituents of electrodes and processing steps
involved in the making of the electrode. Interaction of catalyst with
ionomer contributes to the catalyst layer chemical composition,
while processing steps such as hot pressing of the electrodes, depo-
sition of top ionomer layers and other steps may change chemical
structure and morphology of electrodes. This was  demonstrated
in all applications discussed in this report. When single-phase and
mixed Ni-based systems are used to make electrodes with an alka-
line ionomer, small differences are introduced into the chemistry
of nickel at the surface of the electrode with a smaller amount of
hydroxides and more considerable amount of mixed oxide detected
 X-ray photoelectron spectroscopy to studies of electrodes in fuel
tps://doi.org/10.1016/j.elspec.2017.12.006

(Figs. 2b and 5c). When Ni-based mixed alloys are prepared using
Nafion ionomer, much larger changes are introduced (Fig. 9b) with
the similarly suppressed contribution of hydroxide but enriched
contribution of the mixed alloy into the overall chemistry of nickel.

https://doi.org/10.1016/j.elspec.2017.12.006


 ING Model
E

roscop

c
n
d
t
o
t
i

7

c
c
c
c
e
p
c
p
d

1
h
o
l
N
(
o
d
h

t
a
a
o
9

i
p
a
a
s
i
d
t

b
P
A
t
m
V
c

t
a
a

1

ARTICLELSPEC-46724; No. of Pages 13

K. Artyushkova et al. / Journal of Electron Spect

The same is true for the chemistry of nitrogen in M-N-C ORR
athodes. Upon mixing of M-N-C catalyst with Nafion ionomer, sig-
ificant changes in nitrogen chemistry as was observed (Figs. 3c and
, 5b) due to the interaction of Nafion with catalyst and protona-
ion introduced. The interaction of M-N-C with ionomer depends
n the chemistry of catalysts themselves, but it is the chemistry of
he resulting catalyst layers in the cathode that should be evaluated
n a relationship to the performance in the oxygen reduction.

.3. Post-test analysis of electrodes

The changes in overall elemental composition and chemical spe-
iation of the electrodes can be followed by analyzing the surface
omposition of electrodes after they have undergone tests in fuel-
ell and electrolyzer conditions. The overall chemical composition
an provide useful information on possible loss of material from the
lectrode due to chemical degradation, oxidation of electrode com-
onents, contamination by components of the device and possible
rossover off elements from other electrodes. Chemical speciation
rovides useful information on phases that are least/most stable
uring electrochemical reactions on the surface of electrodes.

We have seen that in an alkaline fuel cell (Application example
), most of the surface molybdenum is being lost and Ni oxides and
ydroxides are the least stable types of Ni while mixed NiMoOx

xides are the most stable phase that supports activity during the
ong-term test. Similar behavior was observed when single-phase
i system was  used as the anode in DHFC in an alkaline electrolyte

Application example 4) with loss of Ni oxides and hydroxides
bserved at the early stage of the test. The oxidation and degra-
ation of nickel anode were much smaller during the reaction of
ydrazine oxidation than in hydrogen oxidation reaction.

The changes that were detected in Ni-based anodes during elec-
rolysis are strikingly different (Application example 5). Severe
node oxidation occurred with most of the metallic Ni and mixed
lloy phase decreasing and formation of the higher oxidation state
f mixed oxide and nickelate of contaminants observed (Figs. 8 and
).

Potassium from electrolyte was detected at the surface of anodes
n both AEM DHFC test and OER test. Titanium from porous trans-
ort layer was another contaminant detected at the surface of
nodes used in electrolyzer tests. Cross-over of elements from
nother electrode is critical degradation problem. XPS was sen-
itive to detect Ni migrated from anode side to the cathode side
n the application of DHFC (Application example 4), while Pt was
etected at the surface of OER anode due to detachment of Pt from
he cathode side in electrolyzer (Application example 5).

Stability of chemistry cathodes for oxygen reduction reaction
ased on M-N-C materials was shown on several platforms −
EMFC (Application example 2), DMFC (Application example 3) and
EM DHFC (Application example 4). For example, XPS confirmed

hat methanol crossover which is a significant problem in the direct
ethanol fuel cell did not cause deterioration of M-N-C electrode.

ery small changes in nitrogen chemistry were also observed in
athodes used in a hydrazine hydrate alkaline fuel cell.

Despite the power of surface and chemical sensitivity of XPS,
here are some complications and challenges that we  have to be
ware in the analysis of electrodes for fuel cells and electrolyzer
pplications.

. XPS sampling depth of different photoelectron lines with respect
to the particle size should be taken into account when the atomic
Please cite this article in press as: K. Artyushkova, et al., Application of
cells and electrolyzers, J. Electron Spectrosc. Relat. Phenom. (2017), ht

elemental composition is being interpreted. The use and inter-
pretation of atomic ratios of elements should be done with great
care as the ratio of elements obtained for core-shell type of par-
ticles which sizes are much larger than XPS probing depths may
 PRESS
y and Related Phenomena xxx (2017) xxx–xxx 11

lead to erroneous conclusions of chemical surface enrichments
and depletions.

2. When electrodes are being made from catalysts, the influence
of processing steps may  cause problems in assessing chemical
composition of interest. Sometimes ionomers can be used as
top layers masking the chemical composition of the electrode
itself. Another consideration analysts have to take into account
while interpreting XPS results obtained from electrode analy-
sis, is the thickness of electrodes, which are usually 10–100 �m
thick, much larger than XPS probing depth. Corroboration of the
relationship between chemical composition and performance
should be done along with the application of other spectroscopic
and microscopic bulk analytical methods.

3. The other constituents, besides the catalyst, of the electrode,
such as ionomer, may  occupy up to 50% wt of the total electrode
composition making detection within the electrode surface of
dopants and alloying compounds at low concentrations difficult
or impossible. After the test has been performed, the electrodes
have to be separated from other components of MEA  such as dif-
fusion layers, membranes, etc. With XPS being extremely surface
sensitive, the total probed signal will always have a contribution
from the layers that were in contact with the surface of interest.
As an example, we have discussed the contribution of fluorine
into Ni 2p spectral line due to gas diffusion layer that was in
contact with the electrode surface.

8. Conclusions

This review presents several examples of the application of
XPS to understand the relationship between the chemistry of
electrocatalysts, the chemical composition of electrodes and their
durability in real fuel cell and electrolyzer tests. The power of XPS in
providing readily quantifiable chemical information allows follow-
ing the evolution of changes in the surface chemistry of the catalysts
implemented within electrodes. XPS provides unique chemical
quantitative information of chemistry of catalyst and electrodes
that is invaluable for understanding the role of different types
of chemical moieties in electrochemical reactions and degrada-
tion changes occurring. For a complete understanding of structural,
morphological and chemical effects occurring at the electrodes dur-
ing reactions at anodes and cathodes, combination of analytical
techniques should be used, in which microscopic methods cov-
ering the range of physical scales − from nm to mm − and bulk
spectroscopic and structural methods such as XAS, XRD and oth-
ers should be utilized. This multi-technique analytical information
which is complementary to the electrochemical testing is essential
for designing more durable materials for energy-related applica-
tions.
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